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This research work was done as part of the larger National Environment 
Agency (NEA) funded project titled “Research & Development of an Operational 
Tsunami Prediction and Assessment System (OTPAS)” on the development of 
Tsunami Warning System for Singapore (Tkalich et al, 2008). Thus, some of 
information in this thesis is a result of a collective effort. My PhD thesis is mainly on 
the identification of tsunamigenic earthquakes and their predictions; computation of 
source parameters in near real-time for tsunami prediction and modeling; and 
characterization of tsunami sources for Sunda Arc (Indonesia). The hydrodynamic 
modeling and Neural Network in the data-driven method of tsunami forecasting (in 
Chapter 7) was done by the Tropical Marine Science Institute (TMSI), National 
University of Singapore. It must be pointed out that my contribution in the data-driven 
modeling is only on the segmentation and quantification of the fault zones (for Sunda 
Arc) to be used for the subsequent tsunami modeling. The similar fault 
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 Tsunamis are one of the most destructive forces in nature and it can 
cause much loss of life and property damage. Majority of tsunamis are 
generated by earthquake events. This is the main focus of this thesis. Within a 
close proximity and with similar magnitude, some earthquakes produce very 
severe tsunamis, e.g. the December 2004 Aceh earthquake while others 
generate only minor wave tsunami, e.g. the March 2005 Nias earthquake. 
Thus, the study of tsunamigenesis of earthquakes, i.e., whether an earthquake 
will generate significant tsunami, is critical for early tsunami warning. The 
destruction and loss of life from 2004 tsunami event was so catastrophic that 
the whole world stood in shock at the sheer power of nature. The mechanism 
and generation of tsunami is very complex, thus the current method of 
estimating the earthquake magnitude and epicenter location to predict tsunami 
is inadequate and unreliable. This is evident from the fact that more than 50% 
warnings issued by Pacific Tsunami Warning Center (PTWC) were false.  
 Additional information on the earthquake source mechanism and 
source parameters could enhance tsunami predictability. Thus, the first 
objective of this research is the identification of the key features of 
tsunamigenic earthquakes for development of suitable methodologies for 
timely tsunami prediction. The second objective is the development of near 
real-time tsunami forecasting techniques with particular focus on Sunda Arc 
and Manila Trench. The ultimate objective of this research is to contribute to 
the development of an advanced tsunami warning system that can predict a 
tsunami generation prior to strike as well as forecast maximum tsunami 
heights and arrival times as rapidly as possible.  
Summary 
 viii 
 Several seismic signal analysis techniques were investigated for 
differentiation of tsunamigenic earthquakes from non-tsunamigenic 
earthquakes. Spectral Analyses (FFT and CWT) were conducted on 
seismograms of pairs of earthquakes (i.e. one tsunamigenic and the other non-
tsunamigenic) that occurred in close proximity and in similar tectonic zones 
with comparable magnitudes and epicenter distance to determine 
tsunamigenesis. The results consistently showed that tsunamigenic 
earthquakes are depleted in high frequency (>0.1 Hz) seismic radiations 
compared to non-tsunamigenic earthquakes. This technique led to the 
conclusion that the depletion of high frequency energy revealed in the seismic 
signal may well indicate the tsunamigenic potential of an earthquake. This 
finding is also directly related to the possible fault rupture mechanism 
responsible for the tsunami generation: slow rupture speed. 
 Next, the Empirical Mode Decomposition (EMD) technique was used 
to decompose the seismic signals into different frequency components and 
analyzed. The results showed that tsunami earthquake is depleted in high 
frequency (>0.1 Hz) energy but enriched in the longer period (>100 s) waves. 
The tsunami earthquake also has longer corner period (indicating larger 
rupture) compared to the ordinary earthquake of similar magnitude.  
 Both the Spectral and EMD analyses showed promising results in the 
context of tsunami prediction. However, these methods involve some time 
delay since the surface waves, which take time to arrive at the stations, were 
mainly used in the analyses. Thus, a faster signal analysis technique based on 
analysis of the first arriving P waves was investigated. Rupture Analysis using 
high-frequency (2-4 Hz) waves showed clear distinction between the 
Summary 
 ix 
tsunamigenic and non-tsunamigenic earthquake. In particular, all the 
tsunamigenic earthquakes analyzed exhibited rupture duration exceeding 100 s 
while non-tsunamigenic earthquakes showed less than a minute. This 
corresponds to sustained-multiple ruptures for tsunamigenic earthquakes and 
abrupt single-peak ruptures for non-tsunamigenic earthquakes.   
 In addition to tsunami prediction, it is also important to forecast the 
arrival time and wave heights of the tsunami after a tsunamigenic earthquake 
has occurred. Thus, a data-driven technique was developed in collaboration 
with other researchers in this project (Tkalich et al., 2008). My contribution in 
the data-driven modeling is on the segmentation and quantification of the fault 
zones (for Sunda Arc) to be used for the subsequent tsunami modeling. The 
simulation of tsunami scenarios and construction of database using Neural 
Network (NN) technique were done by TMSI (NUS). With this collaborative 
effort, reasonable forecasting results could be obtained in seconds 
corresponding to any particular sets of input source parameters.  
 Finally, since the tsunamigenic potential of an earthquake was found to 
be related to its seismic moment, an effort was made to compute the 
earthquake source parameters using moment tensor inversion near “real time”. 
The results of moment magnitude and focal mechanism showed good 
agreement with those from Harvard CMT solutions.  
 The best way to minimize destruction from an earthquake is to have 
practical measures in place before the large earthquake hits, not after. Thus, 
some of research findings were incorporated in the early tsunami warning 
system in Singapore while others still remain at the research stage. 
Keywords: tsunamigenesis, tsunamigenic earthquakes, tsunami prediction and warning, 
earthquake source parameters, moment tensor, frequency analysis 
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1.1 General background and research significance  
On December 26, 2004 an exceptionally powerful earthquake Mw 
9.0~9.3 (USGS, Harvard CMT) rocked the Southeast Asia. The epicenter was 
on the northwest of Sumatra Island in Indonesia. A devastating tsunami, 
traveling approximately at 700 km/hr, subsequently hit the coastal regions of 
13 nations including Indonesia, Thailand and Sri Lanka (Table 1.1 and Fig. 
1.1). Scientists at Pacific Tsunami Warning Center (PTWC) detected the 
earthquake from the seismic signals, but its magnitude was underestimated. 
Furthermore, most of the nations in and around the Indian Ocean did not have 
tsunami warning systems and only two (Indonesia and Thailand) of these 
affected countries are members of PTWC. 
The 2004 Aceh earthquake and the resultant Indian Ocean tsunami 
highlighted inherent vulnerabilities of the coastal zones around the Indian 
Ocean. During this tsunami event, which lasted for only a couple of hours, 
over 275,000 people were killed and more than one million people were left 
homeless. Entire towns were wiped off the face of the earth. The property 
damage and the economic loss were estimated over US$10 billion (Red 
Cross). Most of damage occurred because no country around the Indian Ocean 
region was prepared to deal with such a devastating extreme event. As the 
extent of devastation became apparent many nations in and around the Indian 
Ocean pledged to build tsunami warning and mitigation systems.   
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Tsunamis are mainly generated by large undersea earthquakes in a 
seismic active region and affect large coastlines. They are a global, high-
fatality, low-frequency hazard that can strike in minutes or hours depending on 
the distance of the coastlines from the source. A large tsunami similar to the 
2004 event will occur somewhere on the earth sooner or later. These natural 
phenomena cannot be stopped. However, a similar disaster can be avoided by 
taking immediate actions towards establishment of early tsunami warning 
systems and tsunami hazard mitigation programs in different parts of the world.  
1.2 Existing tsunami warning systems and their limitations  
  Currently, there are few regional tsunami warning systems (i.e. 
PTWC, JMA, IOTWS etc.) and couple of national warning centers. So far 
these tsunami warning systems have not been too effective due to several 
limitations. They are all solely based on the earthquake magnitude and 
epicenter location. However, earthquake magnitudes do not give direct 
information on the tsunami generation. Also often the quickly available 
magnitudes are the surface wave magnitude Ms and body wave magnitude Mb. 
These types of magnitudes reflect only a part of the energy contained in the 
seismic signals (at short periods) of the earthquake event. Besides, these 
magnitudes saturate and remain constant after the earthquake size has reached 
certain limit. So they may not represent the true energy of the large 
earthquakes and hence, potentially underestimates the likelihood of the 
tsunami generation.  
 Tide gauges and buoys are used for tsunami confirmation but they 
have their own share of drawbacks. Firstly, a tsunami is significantly altered 
by local seafloor bathymetry and harbor shapes, where the tidal gauges are 
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usually installed. Secondly, the Ocean tides also make the detection of the 
tsunami difficult. These reasons severely limit the use of tide stations in 
tsunami forecasting. Recently, buoys (DARTS) in open sea are being used to 
detect tsunamis. But such devices are expensive and difficult to maintain. 
Furthermore, a tsunami wave in deep-ocean has very small wave amplitude 
and a long wavelength making its detection difficult. Besides, for local 
tsunami, the water level measuring devices may not be useful for tsunami 
warning due to the lack of enough response time. Because of these limitations, 
the current tsunami warning systems are not very reliable yet. In fact, more 
than 50% of all tsunami warnings issued by PTWC since 1946 have been 
reported to be false (Bernard et al., 1998; NOAA).   
False tsunami alarms not only undermine the credibility of the tsunami 
warning system, but also incur huge cost. For example, Honolulu in Hawaii 
was evacuated in 1948 on a false tsunami alarm at a cost of more than $30 
million dollars (Stewart, 2005). Again in 1986, the evacuation of Honolulu 
shut down the entire island of Oahu. Another disruptive false alarm was issued 
for the tsunami on October 4, 1994 near Shikotan Island in the Kurils, north of 
Japan. Although this earthquake caused some local tsunamis in the Kurils and 
northern Japan, the tsunami was quite small on the U.S. west coast, where 
evacuations of a number of communities were carried out. Recently, on April 
1, 2007 another tsunami warning was issued for the Solomon Island 
earthquake (Mw 8.1). This warning lead to the evacuation of some of the 
Australian coastal areas but the tsunami generated was only local (i.e. a very 
small rise in water level at the coastal location near the epicenter). Again the 
magnitude Mw 8.4 earthquake off the coast of Sumatra on September 12, 2007 
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triggered a tsunami warning in the region. Though this event was felt in at 
least four countries, no major tsunami wave was generated. 
Frequent unnecessary evacuations of the coastlines have resulted in 
huge economic loss (Bernard et al., 1998). The fear and disruption of a false 
alarm can itself put population at physical risk; fatalities and injuries have 
occurred during such evacuations. False warnings arise because of the 
difficulty in the determination of tsunamigenesis using mainly the earthquake 
magnitude and location alone. Hence, other possible means to detect 
tsunamigenesis is necessary. A good-working tsunami warning system must 
be developed to save the coastlines from the future tsunamis. 
1.3 Research motivation  
The Mw 9.0~9.3 Aceh earthquake on December 26, 2004 caused 
unprecedented damage to many countries around the Indian Ocean. Although 
the tsunami devastated Aceh and other coastal villages in Sumatra within 
about 15-30 minutes of the earthquake, it took about an hour to reach Sri 
Lankan, Indian and Thai coasts. Thailand was closer to the epicenter but the 
tsunami was slowed down in the Andaman Sea due to the shallow bathymetry. 
The tsunami even propagated to the coast of Somalia in Africa (about 4500 
km away) in 7 hours and killed 300 people. Had an effective early warning 
system been in place, many causalities could have been averted; if not in 
nearby areas such as Sumatra, then certainly in more distant locations such as 
Sri Lanka, India and Thailand, where hours passed between the  generation of 
the tsunami and its local arrival.  This fact motivated the present study.  
The experience of the 2004 tsunami showed that current scientific 
methods have difficulty in quickly determining magnitude for very large 
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undersea earthquakes. The size of the 2004 earthquake was underestimated at 
the first instant of the earthquake event. The Pacific Tsunami Warning Center 
(PTWC) estimated it at magnitude Mb 6.8 and Ms 8.2 shortly after the 
earthquake. On the moment magnitude scale, the earthquake's magnitude was 
first reported as Mw 8.1 by the USGS. After further analysis, this was 
increased to 8.5, 8.9, and finally to 9.0 after several hours. Several months 
later, the magnitude was revised to Mw 9.3 (Stein et al., 2004, Satake, 2007)). 
The initial underestimation of the earthquake magnitude was the primary 
reason that the warning centers in the Pacific Ocean significantly 
underestimated the earthquake’s tsunamigenic potential.  In addition, there 
was also communication failure or lack of it between the PTWC and local 
authorities in the affected areas.  
Not all undersea earthquakes even with sufficiently large magnitudes 
cause tsunamis. For example, the March 2005 (Mw 8.6~8.7) Nias earthquake 
(in Indonesia) did not generate any significant tsunami, while the December 
2004 (Mw 9.0~9.3) earthquake caused one of the deadliest tsunamis in the 
recorded history. Again, the July 2006 Java earthquake (in Indonesia) with 
magnitude of only Mw 7.7 caused a significant tsunami that killed more than 
700 people. All these earthquakes occurred in the same fault zone (i.e. along 
the Sunda Arc). This goes on to show that tsunamigenesis is a complicated 
problem and that the magnitude and epicenter location of the earthquake alone 
are not enough to evaluate the tsunamigenic potential. 
 About 75% of the tsunamis are caused by subduction zone earthquakes 
in the ocean (USGS). While the seismic signals of the earthquake travel at 
very high speed of 4-13 km/s (depending on the propagation path) and arrive 
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at the affected area within minutes, tsunami waves travel relatively slowly at 
speed of about 0.14-0.28 km/s in deep ocean of depth 2-8 km and needs an 
hour or more (depending on the epicenter-to-coastline distance) before it 
reaches the shoreline, except the local shoreline. For example, the seismic 
waves of the December 2004 Aceh earthquake arrived in Sri Lanka in less 
than 4 minutes, but the tsunami wave only arrived at the shoreline 2 hours 
later (Fig. 1.2 and 1.3). In view of this difference in the arrival time between 
seismic waves and tsunami waves, it will be very useful if one can predict the 
tsunamigenesis by detecting and quantifying characteristic features in seismic 
signals, which are continuously recorded at the global seismic stations.  
The seismic signals are used for tsunami warning but only to a limited 
extent.  Mainly, the earthquake magnitude (often refers to as Ms and Mb for 
teleseismic  or ML for Richter or local magnitude) and epicenter location are 
computed from the seismic signals and if that magnitude is sufficiently large 
with an epicenter location in deep sea then a preliminary tsunami warning is 
issued. However, the magnitudes are often underestimated for the large 
earthquakes. Besides, the tsunami generation is also affected by other factors 
like the slip on the fault plane, focal mechanism, focal depth, water depth at 
the source, etc.  
The characteristic features of the seismic signals are a possible area of 
research for evaluation of the tsunamigenic potential of an earthquake. In 
general, a seismic signal is an end-result of the fault rupture characteristics 
(encompassing slip, rupture, focal mechanism etc.) at the source, the 
propagation path effects and recording site and instrument effects. Thus, if two 
earthquakes in close proximity were compared at a distant seismic station, the 
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only difference between them will be their source mechanism since they share 
same effects of path, site and receiver. Intuitively, it can be deduced that 
tsunamigenesis would depend on the source rupture characteristics besides the 
focal depth and the overlying water column.  
The tsunami-generating capability of an earthquake directly depends 
on the volume of the displaced water due to the seafloor deformation, 
provided that this deformation occurs quickly so that the water cannot flow 
away from the uplifted/subducted source. The volume of the water displaced is 
approximately proportional to the seismic moment (Mo), which determines the 
source spectral amplitude at periods longer than the corner period (Aki, 1972). 
Thus, another way to evaluate the tsunamigenic potential would be to evaluate 
the source parameters from the long-period seismic signals.  
In summary, the current research was primarily motivated by the 
devastating tsunami of 2004 Sumatra earthquake after which it was realized 
that the current tsunami warning systems needed much improvement. The 
increased population density along coastlines worldwide has increased the 
vulnerability of peoples and habitation. This is especially true in Southeast 
Asia. A discriminant for tsunamigenic earthquakes for use in real-time 
tsunami warning must be found. In order to assess tsunami risk and reduce 
hazards, an effective tsunami warning system is essential. Therefore, this 
thesis is mainly on the prediction of tsunamigenesis from earthquakes and 
forecasting of tsunamis (in terms of tsunami wave heights, arrival times and 
likely coastlines) with data-driven modeling and computation of source 
parameters. This research is also part of the larger effort to develop a regional 
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Indian Ocean Tsunami Warning System (IOTWS), which is supported by 
most of the countries surrounding the Indian Ocean, including Singapore.  
1.4 Overall objectives and specific aims 
 In the past two decades, more than 90 earthquakes have generated 
tsunami wave heights (Hmax) of 1 m or greater (Table A1 in Appendix). 
However, effects from the vast majority of these earthquakes have been minor. 
But a few, such as the December 26, 2004 Aceh earthquake (Mw 9.0~9.3), 
July 17, 2006 (Mw 7.7) Java earthquake and April 1, 2007 Solomon 
earthquake, were responsible for inflicting horrific mortality and coastal 
devastation.  
Future tsunamis will inevitably impact Indonesia, Nicaragua, Peru, 
Hawaii, Alaska, Pacific Northwest, and the Caribbean among others. The 
USGS has been expanding its capabilities to parameterize the earthquake 
process, to assess the potential impact of large earthquakes, and to disseminate 
the resulting information to relevant agencies. The result of this effort is a new 
state-of-the-art earthquake processing system and a number of new product 
tools (e.g. Centroid Moment Tensors, finite fault analysis and global Shake 
Maps) that allow for rapid analysis of earthquake activity. Missing from this 
enhanced earthquake analysis package, however, are tools focused on 
identification of tsunamigenic earthquakes for rapid tsunami prediction and 
warning.  
 The mechanism of tsunamigenesis of the earthquake may be revealed 
in the seismic signatures and numerical modeling techniques could be 
employed to forecast tsunami near real-time. Of particular research interest is 
a subclass of tsunamigenic earthquakes known as “tsunami” earthquakes. 
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These earthquakes are problematic from the standpoint of early identification 
of tsunami threat since they often manifest magnitudes (i.e. Ms) below 
conventional thresholds for tsunami excitation. Methods to detect such 
mechanisms may include relating seismological behavior (such as the 
frequency content of the waves, source parameters, radiated seismic energy, 
rupture pattern and duration) with the geological setting of the earthquakes. 
 The main objective of this study is the identification of the key 
mechanisms of the tsunami generation by earthquakes and the development of 
suitable methodology for timely tsunami warning. This research encompasses 
two main goals. The first goal is to study the possible mechanisms of tsunami 
generation by earthquakes for a more decisive tsunami prediction. This 
consists of characterization and differentiation of tsunamigenic earthquakes 
from non-tsunamigenic earthquakes by using different seismic signal 
processing techniques. This will reveal whether a tsunami will occur or not 
from that particular earthquake. The second goal of this research is 
development of rapid tsunami forecasting techniques (using historical 
earthquakes and also real-time computation of earthquake source parameters) 
to estimate the tsunami danger at the coastlines.  
 The ultimate results of the research findings will be used in the 
development of Operational Tsunami Prediction and Assessment System 
(OTPAS) for Singapore as part of the Indian Ocean Tsunami Warning System 
(IOTWS). This study aims to enhance the reliability, the accuracy and the 
timeliness of tsunami warnings for the Southeast Asia with focus on 
Singapore. This research aims at development of a tsunami warning system 
that can predict if a tsunami is going to occur and also forecast maximum 
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wave heights and arrival times at the selected coastlines. To achieve this goal, 
among others, the scientific research shall consist of following components:  
• Characterization and identification of tsunamigenic earthquakes based 
on analyses of seismic signals to predict tsunami 
• Development of rapid tsunami forecasting models based on historical 
earthquakes data and geological information of the seismically active 
regions (mainly Sunda Arc and Manila Trench)  
• Computation of earthquake source parameters in near real-time for a 
more accurate prediction and estimate of tsunami danger 
1.5 Outline of thesis 
 This thesis is on the prediction of tsunami from the analyses of the 
seismic signals of the earthquakes and near real-time forecasting of tsunami 
through data-driven modeling and real-time computation of earthquake source 
parameters with particular focus on Southeast Asia and Manila Trench. It is 
divided into 4 parts and 10 chapters.  
 Part I (i.e. chapter 1 through 3) covers introduction, literature review 
and seismic/tsunami data used. A literature review in chapter 2 provides 
background on tsunamigenic earthquakes, tsunami modeling and their 
predictions. In addition, the limitations of the current tsunami warning systems 
are highlighted. The global tsunami data and corresponding earthquake source 
data since 1977 are compiled in Chapter 3 to give a global perspective of the 
tsunami problem. These data were used as reference for the seismic analysis 
study and as input to hydrodynamic modeling.  
 Part II is on the tsunami prediction from seismic signals using different 
signal processing techniques, which are presented in Chapter 4 through 6. 
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Chapter 4 shows Spectral Analysis methods used to differentiate the 
tsunamigenic earthquakes from the non-tsunamigenic earthquakes for tsunami 
prediction. The Spectral Analysis result is further enhanced through Empirical 
Mode Decomposition (EMD) in Chapter 5. In Chapter 6, the Rupture Analysis 
of high frequency P wave is performed to seek possible identifiable features 
for tsunamigenic earthquakes for a quick tsunami prediction.  
 Part III presents a working model for tsunami warning for Southeast 
Asia from possible tsunami sources in Sunda Arc and Manila Trench. This 
model is presented in Chapter 7 to 9. Chapter 7 is on data-driven tsunami 
modeling, which is a quick method to estimate tsunami wave arrival times and 
wave heights at the selected coastlines using the historical earthquakes data 
and Neural Network (NN) technique. My contribution in the data-driven 
modeling is only on the segmentation and quantification of fault zones (for 
Sunda Arc) to be used for a subsequent tsunami modeling. The running of the 
numerical modeling and development of NN was done by TMSI (Tkalich et 
al., 2008). Chapter 8 presents the estimation of the earthquake source 
parameters near real-time for a more accurate tsunami forecasting. Then, using 
the tsunami prediction and forecasting results discussed in the previous 
chapters, the development of Operational Tsunami Prediction and Assessment 
System (OTPAS) for Singapore, as part of the regional tsunami warning 
system in Indian Ocean, is presented in Chapter 9.  
 Finally, important conclusions and findings drawn from this research 
study are summarized in Chapter 10 under Part IV.  
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1 Indonesia  228,948 126,900 4,500 
2 Sri Lanka  36,081 31,000 1,000 
3 India  16,423 10,700 1,000 
4 Thailand  8,567 5,400 1,000 
5 Maldives 82 300 500 
6 Somalia 300 80  - 
7 Malaysia  68 68  - 
8 Myanmar  61 60  - 
9 Tanzania  11 10   
10 Bangladesh  2 2   
11 Seychelles  2 2   
12 Kenya  1 1   
13 Madagascar  0 0   
  Total 290,546 174,523 ≈10,000 
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Figure 1.1. Countries affected by tsunami from December 26, 2004 Aceh earthquake (Mw 






















Figure 1.2. P wave travel times for December 26, 2004 Aceh earthquake (modified from 
USGS). Note that P waves took less than 4 minutes to arrive in Sri Lanka while tsunami wave 
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Figure 1.3. Tsunami wave arrival times for December 26, 2004 Aceh earthquake computed by 
tsunami propagation model TUNAMI-N2 (NUS, 2007). Note that tsunami wave took about 2 
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 This chapter reviews literature and research works related to 
tsunamigenesis of earthquake (i.e. whether an earthquake will generate 
tsunami or not). Two key components are reviewed in the study of 
tsunamigenesis of earthquake: one is the tsunami itself and the other is a class 
of earthquakes called the tsunamigenic earthquakes that cause tsunami. The 
first section reviews the tsunami generation by earthquake at the source and 
tsunami wave height at the coastlines using the hydrodynamic models. The 
second section reviews available literature work on tsunamigenic earthquakes 
and their prediction for tsunami warning.  
2.2 Review on tsunami generation and propagation 
 This section reviews tsunami phenomenon from its generation by 
earthquake to its propagation on coastlines. 
2.2.1 Causes of tsunami  
A tsunami is a series of water waves generated by a rapid, large-scale 
disturbance of a water body due to earthquakes, submarine landslides, 
volcanoes or cosmic impacts (such as meteorites). Past records indicate that 
75% of tsunamis are generated by shallow undersea earthquakes as shown in 
Fig. 2.1 (USGS). Tsunamis are generally generated at the plate boundaries. 
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The rigid lithospheric plates of the Earth form 3 different types of boundaries: 
convergent, divergent and strike-slip (Fig. 2.2). Depending on the type of 
boundary, two lithospheric plates can override each other, slip along each 
other or separate from each other (Fig. 2.3). The subduction type of 
convergent plate boundary is known to have the largest potential of 
accumulating stress resulting in most of the tsunamis generation. 
Regardless of their origin, tsunamis evolve through three quite distinct 
physical processes: (1) generation by a force (earthquake, volcano, submarine 
landslide etc.) that disturbs the water column, (2) propagation from deeper 
water near source to shallower coastal areas; and (3) inundation of dry land. 
Of these three phases, propagation is best understood, whereas generation and 
inundation are more complex and difficult to model with computer 
simulations. This thesis focuses mainly on the first stage of tsunami life only, 
i.e. the initial tsunami generation by earthquake and its prediction. However, 
the later stages of tsunami life are also reviewed here for complete 
understanding of the tsunami problem.  
2.2.2 General characteristics of tsunami wave  
Tsunamis wave height may not be great in the open sea, but some turn 
into monsters rising as high as 30 m at the shore. As any water wave, the 
tsunami is moving the entire water column, all the way from the surface to the 
sea floor. The tsunami damages along a shore vary due to the effect of 
bathymetry of the coastal areas. Bays and harbors that are funnel shaped may 
also suffer more due to the concentration the effects of the tsunami waves. 
Tsunami waves affect shoreline very significantly due to their high 
velocity, long wave-period and great wavelength. They travel with wave 
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speeds ( tv ) of 0.1 to 0.24 km/s with wave periods (T) of 100 to 1000 s and 
wavelengths (λ) of 10 to 500 km in water depths (h) of 1 to 6 km (Noson et 
al., 1988). This wave is a very different from the wind driven beach wave, 
which travels at speed of about 10 m/s and has wavelength around 100 m and 
period near 10 s.  
The tsunami phase velocity )(ωtv  (i.e. horizontal speed of the wave 
crest) and group velocity )(ωgv  on a flat ocean of uniform depth (h) are given 











ωωω +=               (2.2)  
where k is wave number (i.e. λ
π2=k ) ,  ω is the angular wave velocity and g 
is acceleration due to gravity. Fig. 2.4 shows tsunami wave phase velocity 
( tv ), wave group velocity ( gv ) and wavelength (λ) against wave period (T) for 
different ocean depths ( h ). These quantities vary both as a function of water 
depth and wave period. However, at T>100 s both phase and group wave 
velocities approach gh . This happens in the open ocean, where the 
wavelength of a tsunami is usually of the order of 100 km, wave height from 
trough to crest (H=2η) is less than 1 m, and the average water depth (h) in is 
few kilometers (e.g. 4 km for Indian Ocean). Thus, the relative depth ( λ
h  ) and 
wave steepness ( λ
η ) are much smaller than unity. The ratio 1<<λ
h  shows 
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non-dispersive nature of wave while 1<<λ
η  shows linearity of the tsunami 
wave. Therefore, under these two conditions (which is satisfied in open 
ocean), linear non-dispersive wave theory is valid and can be used to model 
tsunami wave propagation. Non-dispersive wave motion refers to the motion 
of wave in which the wave disturbance does not change shape as it propagates. 
For this to occur, all parts of the wave must travel with the same speed. The 
shape of the tsunami wave in open ocean can be represented by sinusoidal 
wave, which can be mathematically characterized by linear trigonometric 
functions.  
 However, as the tsunami waves move into the shallow waters at the 
coastlines dispersion and non-linearity sets in. In the shallower water at the 
coastlines the wave speed ( ghvt = ) decreases while its period ( ghT
λ= ) 
remains more or less the same as in deep waters. Consequently, its wavelength 
decreases.  As wavelength decreases and becomes comparable to water depth 
(i.e. λ
h →  1), dispersion sets in. In addition, non-linearity also needs to be 
considered as the waves move into the shallow waters.  The potential energy 
of a tsunami for an uplift geometry as shown in (Fig. 2.5) is: 
2)(5.0 Δ= LWgEp ρ  , where L , W  and Δ  are fault length, width and vertical 
slip, respectively. Since tsunami wavelength ( λ ) is proportional to fault width 
(W) and tsunami amplitude (η ) is proportional to vertical slip ( Δ ),  the 
tsunami wave energy (Ep) is proportional to λ 2η . At shore, the wave speed 
and wavelength (λ) decrease and as a result wave amplitude η  increases 
leading to significant inundation of coastlines (Fig. 2.6). Under these 
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conditions (which is satisfied at the coastal areas), a nonlinear dispersive 
shallow wave model is preferred for modeling tsunami propagation. All the 
definitions of the tsunami wave parameters can be found in Lee et al. (2002) 
and “Tsunami Glossary” (http://www.drgeorgepc.com). 
2.2.3 Tsunami generation by earthquake 
The earthquake source parameters determine many of the 
characteristics of the tsunami. Tsunami generation is affected by the seismic 
moment, focal mechanism and focal depth among others. The earthquake size 
is expressed in terms of seismic moment, Mo=μSΔ, where μ, S and Δ are 
rigidity of rocks, fault surface area and slip, respectively. Basic energy 
conservation implies that that the larger the earthquake’s seismic moment, the 
larger the tsunami, all else being same. Table 2.1 shows an empirical 
relationship between earthquake magnitudes and tsunami scale. For regional 
tsunamis, the magnitude should be greater than 7.5 while a locally destructive 
tsunami can be caused even by an earthquake of magnitude 7.  
Focal mechanism specifies the orientation of the earthquake fault and 
the direction of slip on the fault plane with faults idealized as rectangular 
planes. Three angles summarize focal mechanisms: the strike (φf), the dip (δ) 
and the angle of slip vector (λ) measured from the horizontal in the fault 
plane. These angles determine the type of faulting and the direction of tsunami 
propagation. Tsunami occurs mainly due to the thrust (dip-slip) faults that 
cause vertical uplifting of the water column above the plate while the strike-
slip faults which involve no vertical displacement are less likely to produce 
tsunamis. However, Tanioka et al. (1996) showed that it is possible for a 
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strike-slip fault to generate tsunamis, where horizontal displacement of a steep 
slope failure leads to a significant displacement of the water column.  
The basic mechanism of tsunami generation by earthquake is 
illustrated in Fig. 2.7 (Stein et al., 2004). The figure shows a subducting plate, 
such as in 2004 event, where the Indian plate slides beneath the Sumatra 
Island. As shown in this figure, the interplate contact exhibits stick-slip 
friction and drags the overriding plate down with it and at the same time 
deforming it. Eventually the stress building up on this interplate contact 
exceeds the strength of the rocks, and the plate simply pops back up into 
position (as shown in Fig. 2.7b). When it does that, a mass of water is pushed 
vertically upward, and that is what causes a tsunami. 
The tsunami generation phase is very critical as the subsequent phases 
(i.e. propagation and inundation) depend on it. The error made in this initial 
condition cannot be corrected by the subsequent numerical methods. Hence, it 
is important to construct the initial conditions as accurately as possible.  
However, this phase of the tsunami life is least understood and surprisingly 
there has been little research in this field till date. 
The far-field tsunami depends mainly on the seismic moment (Abe, 
1995). But for local tsunamis (for which tsunami can strike the coastline 
within few to 10 minutes), it is difficult to obtain accurate, near real-time Mo 
information. Furthermore, local tsunami run-up exhibits a significant degree of 
variability with respect to seismic moment (Abe, 1995).  Usually, the near-
field tsunami is too rapid for any meaningful prediction. 
The tsunami generation models assume that the seismic deformation 
on the seafloor pushes up the overlying water column instantaneously, such 
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that the initial tsunami wave height profile is same as the sea floor 
deformation. One of the most popular models is the Okada model, which is 
based on the Elastic Dislocation Theory (Okada (1985). This model uses the 
input of earthquake source parameters. These parameters (namely seismic 
moment and focal mechanism parameters) are obtained from the inversion of 
seismograms (e.g. Harvard CMT).  
In tsunami generation modeling, the earthquake is mathematically 
described as a displacement discontinuity in an elastic medium called the 
Dislocation Theory of earthquake rupture. Steketee (1958) first proposed that 
the relations for the displacement field in an infinite elastic medium strained 
by a dislocation over some surface given by Volterra in 1907 would be 
appropriate for describing the deformation that accompany earthquake 
faulting.  He derived the expression for static displacement in an elastic 
medium. These relations are given in compact form as integrals over the 
dislocation surface. In his papers, Steketee provide the solution for a case with 
a point source earthquake as in the following.   
(a) Point source by Steketee (1958) 
 Steketee (1958) showed that the displacement field ),,( 321 xxxui at an 
observation point ),,( 321 xxx  in 3D space due to a slip ),,( 321 ξξξjuΔ  across a 
fault surface S  by point force F  in an isotropic semi-infinite elastic solid 























1             (2.3) 
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where jkδ  is the Kronecker delta, λ and μ are Lame’s constants, kv  is the 
direction cosine of the normal to the surface element Σd , jiu is the ith 
component of the displacement at observation point ),,( 321 xxx  due to the j
th 
direction point force of magnitude F acting at point ),,( 321 ξξξ  on the fault 
surface with the fault orientations as shown in Fig.2.8. Elastic medium 
occupies the region of 0≤z and x  axis is taken to be parallel to the strike 
direction of the fault. The elementary dislocations given by U1, U2 and U3 
correspond to the strike-slip, dip-slip and tensile (opening dislocation) 
components of arbitrary dislocation on the fault surface. Each of these 
dislocation vectors represents the movement of the hanging wall block relative 
to the footwall block. In this coordinate system, displacement field jiu at the 
ground surface due to point source dislocations on the fault surface are 
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11 )()()( ξξξ −+−+−= xxxR is the distance from the field 
point ),,( 321 xxx  on the ground surface to the source point ),,( 321 ξξξ  on the 
fault plane. Using the Steketee (1958) equation, the contribution from surface 
element ΔΣ  of each elementary dislocation is written as follows: 
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   (2.9) 
These expressions show the body force equivalent of a double couple with 
moment ΔΣ1Uμ , or ΔΣ2Uμ  in the case of a shear fault (i.e. strike-slip and 
dip-slip fault) and ΔΣ3Uμ  for tensile fault. Finally setting ,021 == ξξ d−=3ξ , 
the ground surface displacement ),,( zyx uuu due to a point source located at 
(0,0,-d) can be computed. The final displacements for 3 different fault types 
are listed below using ),,( zyx instead of ),,( 321 xxx : 
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              (2.14) 
 Based on the elastic dislocation theory for the surface displacement 
due to a point source in a Poisson solid by Steketee (1958), several theoretical 
formulations describing the deformation of an isotropic homogeneous semi-
infinite medium have been developed. Maruyama (1964) gave the expressions 
of surface displacements due to vertical and horizontal tensile faults in a semi-
infinite Poisson solid. Davis (1983) derived an expression of the vertical 
displacement due to an inclined tensile fault in a half space. Okada (1985) 
model, which is by far the most popular model for tsunami generation 
modeling, is reviewed in the following section. 
(b) Finite rectangular source by Okada (1985) 
 A general dislocation can be determined by three angles: the dip δ, the 
slip λ  and the angle φ between the fault plane and Burger’s vector D (or slip 
vector). When dealing with earthquake, an additional angle, the strike (φf) is 
introduced to provide the orientation of the fault. For a finite rectangular fault 
with length L  and width W  (Fig. 2.9) occurring a depth d, the displacement 
field can be derived analytically by taking δηξ cos',' −− yx and δη sin'−d in 
place of yx,  and d  in the equations  derived for a point source case (in 
Steketee model ), and performing the integration over the rectangular fault 
surface  
 .''
0 0∫ ∫L W dd ηξ                 (2.15) 
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Following Sato et al. (1974), it is convenient to change variables from ',' ηξ  to 











                (2.16) 
where δδ sincos dyp += .  The above integration becomes .∫ ∫− −Lxx Wpp dd ηξ  
The strike-slip (U1) , dip-slip (U2) and tensile dislocations (U3) are linked to 
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Finally, the displacements for 3 types of faults are given as follows: 
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            (2.22) 
 From these expressions, the seafloor bottom displacement field is 
obtained using 10 input parameters (i.e. fault length L, width W, slip Δ, strike 
φf, dip δ, rake λ, focal depth d, epicenter location and fault rupture duration 
(Fig. 2.10). It is also assumed that the water surface profile mimics the 
seafloor deformation as shown in Fig. 2.11. A typical initial tsunami wave 
height profile after the 2004 Aceh earthquake, computed according to the fault 
characteristics estimated by Yalciner et al (2005), is presented in Fig. 2.12.  
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The subducting plate (footwall) shows as much as 10 m of uplift while the 
over-riding plate (hanging wall) shows about 7 m of subsidence.  
For more realistic fault models, non-uniform stress-strength fields (i.e., 
faults with various kinds of barriers, asperities, etc.) can be expected since the 
actual seafloor displacement may be very complicated compared with the 
smooth seafloor displacement computed from the average dislocation model. 
Furthermore, when the earthquake duration is large (as in the case 2004 Aceh 
earthquake) the assumption of instantaneous rupture may fail and water will 
be set into motion in a complicated manner.  
Although several numerical models have considered geometrically 
complex faults, complex slip distributions and elastic layers of variable 
thickness, they are not yet disseminated in tsunami research circle (Geist, 
1998). One of the reasons is that our knowledge of source parameters, 
inhomogeneity and non-uniform slip distribution is too incomplete to justify 
using such a complex model. 
2.2.4 Tsunami propagation 
The tsunami propagation is the second phase of tsunami life. This 
section is not the main body of this thesis but included here for complete 
understanding of the tsunami problem. After the sea surface is deformed (i.e. 
either uplift/ subsidence) by a sea floor displacement, the resulting surface 
water waves propagate in all directions for long distances. Because the 
tsunami wave propagates in both directions, one side of the fault experiences 
receding while other side observe sudden rise in water. In the case of the 2004 
tsunami, the waves on the Thai coastline (east side) receded as shown in Fig. 
2.13 while that on the Sri Lankan coastline (west side) rose up. The greatest 
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tsunami wave heights are propagated laterally away from the fault ruptures, in 
the direction in which the waves have greatest coherence. For the 2004 Aceh 
earthquake, the highest waves spread east-west since the fault runs 
approximately north-south.  
Numerical simulations of tsunami propagation have made great 
progress in the last forty years due advancement of seismology and high-speed 
computer. There are 3 prominent computational tsunami propagation models: 
(1) the MOST (Method Of Splitting Tsunami), which was developed 
originally by researchers at the University of Southern California (Titov et al., 
1998), (2) the COMCOT (Cornell Multi-grid Coupled Tsunami Model), which 
was developed by researchers at Cornell University (Liu et al. 1995), and (3) 
the TUNAMI which was developed at Tohoko University in Japan (Imamura 
et al. 1988, Imamura 1996). All these models solve the same Nonlinear 
Shallow Water Equations (NSWE) with different finite-difference algorithms. 
They can simulate tsunami propagation over a long distance with a fairly high 
accuracy provided that the initial wave profile and the sea bottom bathymetry 
data are accurate. 
The NUS (Singapore) research team working on early tsunami warning 
adopted TUNAMI-N2, which was modified to include terms relevant to the 
Boussinesq model (Tkalich et al., 2007; Dao et al., 2007; Romano et al., 
2009). The results of this enhanced version (called TUNAMI-N2-NUS) were 
used in this study. Thus, the TUNAMI-N2-NUS model is reviewed here. 
(a) TUNAMI-N2-NUS Model 
 The TUNAMI-N2-NUS wave propagation model uses non-linear 
dispersive shallow water equations, i.e. Boussinesq model (OTPAS, 2008).  
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These equations are based on (1) the conservation of mass (given constant 
density of water, i.e. incompressible water) and (2) conservation of 
momentum (i.e. Newton’s second law of motion). A set of non-linear 










































































          (2.24)          
where η  is tsunami wave amplitude, h  is the still water depth, th  is the total 
water depth, g is the acceleration due to gravity, M and N are water velocity 
fluxes, τx and τy are sea bottom friction, ψ  is tsunami wave dispersion and ρw 
is sea water density (Fig. 2.14). The velocity fluxes in the x and y direction, M 


















              (2.25) 
where xv  and yv  are flow velocities. The seafloor bottom friction, expressed 
in terms of the friction coefficient (F) and Manning’s roughness coefficient 
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              (2.27) 
The original version of TUNAMI-N2 used Nonlinear Shallow Water 
Equations (NSWE) in Cartesian coordinate as described in Eq. 2.23 to Eq. 
2.27.  In the TUNAMI-N2-NUS, NSWE was reformulated in spherical 
coordinates, with Coriolis factor included and a dispersion term introduced to 
form Nonlinear Dispersive Shallow Water Equations (i.e. nonlinear 
Boussinesq model).  The set of equations in spherical coordinates is now 
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  (2.29)       
where l  is longitude and m  is latitude of the Earth, g  is acceleration due to 
gravity. Average radius and angular velocity of the Earth are given by =ER  
6370 km and rad/s 10 × 7.27 -5=Eω , respectively.  The bottom friction in the 
l - and m - directions are lτ  and mτ .  The water velocity fluxes in the l - and 
m - directions, M  and N . The bottom friction is expressed in terms of the 
friction coefficient F as 






























              (2.30) 
The friction coefficient F can be computed from Manning's roughness )(n  by 







=                 (2.31) 
Manning’s roughness is usually chosen as a constant for a given condition of 
sea bottom (Table 2.2).  The formula indicates that friction coefficient (F) 
increases when the total water depth ht decreases.  The bottom friction terms 





























              (2.32) 
The above expression shows that the bottom friction increases with the fluxes 
(M and N), and inversely proportional to the water depth ( th ). Thus, wave 
energy dissipates faster when it propagates in shallow water areas. The 






















             (2.33) 
The dispersion potential is directly proportional to the water depth. 
2.2.5 Tsunami inundation and forecasting 
 The ultimate goal of tsunami research is tsunami forecasting of wave 
heights and arrival times at the coastlines after a significantly large undersea 
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earthquake has occurred. The arrival times and maximum wave heights at 12 
hours after the tsunami of December 26, 2004 are shown in Fig. 2.15.  The 
fundamental question of tsunami forecasting is: what is the largest tsunami 
wave height expected at a distance r from an earthquake of magnitude Mw? 
The answer is not clear cut, it depends on many factors. But the most 
important factors can be narrowed down to seismic moment Mo and tsunami 
wave amplitude decay (Q) with distance from source (due to geometrical 
spreading of the waves and frequency dispersion at the coastline).  The Mo 
determines the initial tsunami wave height profile at the earthquake source and 
the Q determines the tsunami strength at the distant coastal areas. The 
attenuation factor of the wave (Q) as it propagates in the open ocean is perhaps 
the most difficult parameter to obtain. Among others, it depends on seafloor 
bathymetry and presence or absence of barriers (like islands) that could reflect 
and refract the water waves. The tsunami wave amplitude drop with distance 
(r) due to geometrical spreading is roughly about r-0.5 and that due to 
frequency dispersion near the shoreline is r-χ , where the decay factor χ is in 
the range 1/8 to 1/2 depending on the frequency content of the tsunami wave 
(Ward, 2005). Larger seafloor deformation area (i.e. larger earthquake) 
produce longer period waves (i.e. lower frequency) that are less affected by 
dispersion, so waves from them decay more slowly with distance as shown in 
Fig. 2.16 (Ward, 1980). It can be clearly seen that larger earthquake produces 
greater tsunami at the same epicenter distance. Furthermore, the curves for 
larger magnitude earthquake slopes less, indicating lesser frequency dispersion 
(or lesser energy attenuation) and thus, greater destructive power of the 
tsunami. 
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In the framework of tsunami early warning systems, tsunami 
simulations can be used to provide tsunami assessment and real-time tsunami 
forecast in terms of arrival times, maximum wave height and inundation at the 
risked coastlines. In the next section, the tsunamigenic earthquakes and 
available research on their prediction are reviewed.  
2.3 Review on tsunamigenic earthquakes and their prediction for early 
tsunami warning 
Large earthquakes are far less frequent than small ones. Based on the 
historical data of the worldwide earthquakes, number of earthquakes occurring 
in a year (N) larger than a given magnitude M is given by Gutenberg-Richter 
relation as: 
8log +−≈ MN                (2.34) 
According to this formula, an M 9≥ earthquake occurs on average only once in 
every ten years while M 5.7≥ earthquake occurs 3 to 4 times a year. Therefore, 
assuming that less than 50% of earthquakes with M 5.7≥ will generate 
tsunami, the number of tsunamis per year may be less than one. Even so, the 
tsunamis have caused huge impact on economies and humans lives and its 
importance will increase as the population on the coastal cities rises.   
Based on the current literature review, there are several theories on the 
characteristics of tsunamigenic earthquakes. But there is no consensus on the 
basic requirements for a tsunamigenic earthquake. The common understanding 
is that a tsunami may be generated if (1) the earthquake magnitude is greater 
than M 6.5; (2) the earthquake source is beneath deep sea; (3) the focal depth 
is less than 70 km and (4) the faulting is in a subduction zone (from PTWC 
website). However, even an earthquake satisfying all the above conditions 
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may not generate tsunami. To prevent false alarms, more research is 
necessary. 
2.3.1 Introduction to tsunamigenic earthquakes  
About 75% tsunamis are caused by undersea earthquake, where a 
block of the ocean floor is thrusted upward, or suddenly drops (USGS). Such 
fault movements are accompanied by so called “tsunamigenic earthquakes”. 
Most of these earthquakes take place at/near the ocean trenches (i.e. 
subduction zones). USGS defines tsunamigenic earthquake as any earthquake 
that generates a tsunami.  
The tsunami magnitude is defined as Mt=log(Hmax)+log(r)+5.8, where 
Hmax is maximum run-up wave height and r is the epicenter distance (Abe, 
1981). When tsunami magnitude (Mt) is larger than surface wave magnitude 
Ms by more than 0.5 units it is called a tsunami earthquake (Abe, 1989 and 
Kanamori, 1972). Tsunami earthquakes are a sub-class of tsunamigenic 
earthquakes that merit special consideration for tsunami warning.  
Several proposals have been made for the generating mechanism of 
tsunami earthquakes. Kanamori (1972) indicated that the large discrepancy 
between seismic (Ms) and tsunami waves (Mt) can be explained by slow-slip. 
Fukao (1979) explained the large tsunami excitation by slips in the 
accretionary wedge. He suggested that a high-angle subsidiary fault in the 
wedge may cause a significant tsunami, but contribution to the seismic 
moment may be small because of low rigidity. Pelayo et al. (1992) showed 
that the large discrepancy between the tsunami magnitude Mt and Ms for 
tsunami earthquakes is due to a saturation of Ms at around 7.2 for those 
earthquakes that occurred in the accretionary wedge. Okal (1988), using the 
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normal-mode theory, showed that an earthquake source in a shallow 
sedimentary layer can generate much larger tsunami wanes (hence, larger Mt) 
than in solid rock for certain geometries. Satakae (1994) compared the 
numerically computed tsunami waveforms with tidal gauges records and 
showed that a narrow (40 km) and shallow (extending only to the upper 10 km 
of the ocean bottom) fault near trench axis was responsible for the tsunami 
generation. A similar feature was found for other tsunami earthquakes: the 
1946 Aleutian earthquake (Ms=7.3, Mt=9.3; Johnson et al., 1997) and 1896 
Sanriku earthquake (Ms=7.2, Mt=9.6; Tanioka et al., 1996b). Tanioka et al. 
(1997) showed that the surface roughness of the ocean bottom near the trench 
is well correlated with large earthquake occurrence. It is thought that tsunami 
earthquakes release their energy over a couple of minutes, much more slowly 
than the sudden lurching earthquakes, which release their energy in seconds.  
Extensive study has been conducted in search for better methods in 
predicting tsunamigenesis of earthquake. Tsunami wave travels at the speed of 
a jet airliner (about 900 km/hr in 6.5 km depth water) but seismic waves travel 
20 to 30 times faster. For many places away from the earthquake epicenter 
(i.e. far-field tsunami), there may be several hours between the arrivals of the 
seismic waves and the tsunami waves. This time could be utilized for effective 
tsunami warning. 
Presently, earthquake magnitude and epicenter location are used to 
trigger the warning system (Uchiike et al., 1995). To improve the accuracy of 
tsunami forecasts, the available methods based on seismic information such as 
the  P-wave moment magnitude, Mwp (Tsuboi et al., 1995; Tsuboi, 2000); 
mantle magnitude, Mm (Talandier et al., 1989; Schindelé et al., 1995), T-
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waves (Okal et al., 1986; Walker et al., 1992) and W-phase waves (Kanamori, 
2006) are reviewed.  
2.3.2 Moment magnitude of P-wave (Mwp) method (Tsuboi et al., 1995 & 
1999; Hirshorn, 2006) 
This Mwp method was developed by Tsuboi et al. (1995 & 1999) to 
determine magnitude rapidly from teleseismic P-waves (in the period range 10 
to 60 s). This method was originally developed for shallow earthquakes (<70 
km) for which the seismic waves experience less attenuation. It estimates P-
wave seismic moment, Mop using a broadband vertical displacement (BHZ 
















4 3=             (2.35) 
where tp is the P wave arrival time, τr fault rupture duration and uz(x,t) is the 
attenuation-corrected vertical displacement. C is a constant that depends on 
the density (ρ) of rocks at the source, P-wave velocity (α), double-couple 
radiation pattern for P-wave ( P
fϕφγ ) and epicenter distance (r). The radiation 
pattern depends on the take-off angle (ϕ) and fault strike angle (φf). P fϕφγ is 
0.63 (Boore, 1984). By integrating, the above equation reduces to: 
 CpppMaxM op ×−= ),( 211              (2.36) 
where p1 and p2 are the first peak and the second peak values in the integrated 
displacement seismogram (Fig. 2.17). Then the Mwp is computed at each 
station with no correction for the radiation pattern using the standard moment 
formula: 




2 −= opwp MM              (2.37) 
Mwp is calculated at three or more stations and an average value is obtained. 
Finally 
correctedwp
M is obtained by adding 0.2 to the averaged Mwp, where 0.2 
accounts for the double couple radiation pattern, P
fϕφγ .  
Fault rupture duration (τr) is defined as: τr = t1 – t0, where t0 is the 
onset time of P-wave arrival and t1 is the time when first peak p1 is read on the 
integrated displacement seismogram. When the second peak is used to 
determine Mwp then t2–t1 is used to replace t1, where t2 is the time of the 
occurrence of the second peak on the integrated displacement seismogram. 
The Mwp method was applied to 1992 Nicaragua Earthquake and resulted in 
Mwp 7.2 with a source time duration (τr) of 60 s (Tsuboi et al. 1995). For this 
earthquake Ms (from USGS) is 7.2 and Harvard CMT Mw is 7.6. The 
seismograms of velocity, displacement and integrated displacement for 1992 
Nicaragua earthquake at NNA station used in the determination of Mwp is 
shown in Fig. 2.17. 
 In order to avoid contamination of the P-wave by the S-wave too 
closely following the P-wave, data from far-field station are chosen for 
computation. Accordingly, larger the earthquake, the farther should be the 
stations used in the computation of Mwp. The Mwp method assumes that the P-
wave magnitude correlates well with the overall moment magnitude Mw. 
However, it has been reported that this method does not work if the first 
moment released by the earthquake is not the largest (Hirshorn, 2006). 
Furthermore, Mwp underestimates Mw for very large earthquakes and saturates 
at about Mw 8.3 as shown in Fig. 2.18. The Mwp estimated for 2004 Aceh 
Chapter 2: Literature Review 
 39 
earthquake (using the conventional procedure of Mwp evaluation) was 8.0, 
whereas the Mw was 9.0-9.3 (USGS).  
2.3.3 Mantle wave magnitude (Mm) method (source: TREMORS, CPPT) 
The mantle magnitude (Mm) is computed from the mantle wave, which 
is a very long-period surface wave (Rayleigh) with corresponding wavelength 
of several hundred to about 1000 kilometers. Mantle waves are generated by 
the large earthquakes. The Mm (Okal et al., 1989; Newman et al., 1998; 
Weinstein et al., 2005) is computed from Fourier spectral amplitude )(ωX of 
mantle Rayleigh waves at variable long periods (>50 s) from teleseismic 
stations.  
9.3))((log10 −++= sdm CCXM ω              (2.38) 
where dC  is distance correction and sC  is source correction (both these 
constants are period dependent). Then the seismic moment (Mo) is calculated 
using a very simple relationship: 
 13log10 += mMMo               (2.39) 
where Mo is in Nm. The Mm (a variable period magnitude) is potentially 
available within about 20-50 min after origin time of the event at 30-90˚ from 
the source. However, a standard Mm magnitude procedure underestimated the 
size of the 2004 Aceh earthquake, but analysis of waves at increased periods 
(>450 s) may improve the Mm estimates for very large events (Weinstein et al., 
2005).  
The CPPT (Center Polynesian de Prevention des Tsunamis), which is 
responsible for tsunami warnings for French Polynesia, used Mm as an 
indicator of the tsunamigenic potential of an earthquake since 1985. In the 
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1990s, the real time processing was transferred onto PCs (Personal 
Computers), and the TREMORS (Tsunami Risk Estimation through seismic 
Moment with a Real time System) was developed as a seismic warning 
system. The tsunami warning system is used in France, Portugal and Great 
Britain. This system uses a single three-component station, triggers on P wave 
arrival, provides an automatic location (using automatic picking of the P, S, L, 
R phases to determine  epicenter distance and the particle polarization from 
the three components to determine source azimuth), and computes the Mo via 
the computation of Mm. Computation of Mm at different periods for Kurile 
Island Earthquake (October 4, 1994) recorded at station TKK (at 36o away) is 
shown in Fig. 2.19.  
At present tsunami warnings are issued by TREMORS when spectral 
ratio of signal to noise (S/N) exceeds 50 on the P wave or when Mm ≥ 7.0. 
However, for big earthquakes, CPPT also computes the seismic moment 
tensor from the inversion of the surface waves. Mm can be used only for 
distant warning and not for local tsunami warning. 
2.3.4 T-waves method (source: Ewing et al., 1950; Hiyoshi et al., 1992; 
Okal et al., 2003; Stroup et al., 2003) 
 When an earthquake occurs, three main types of waves are generated: 
primary (P), secondary (S) and surface waves. However, when the propagation 
path of the seismic waves is mostly oceanic, another kind of wave is 
generated. This wave is the tertiary wave (or T waves). T waves are late 
arriving waves with period less than 1 s, observed at stations on islands and 
coastal regions. When seismic waves hit the ocean bottom boundary, a 
fraction of their energy is transformed into acoustic energy in the ocean and 
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this travels thousands of kilometers away in the ocean's low-velocity wave 
guide (Ewing et al., 1950). Such energy might be converted back to seismic 
energy as it reaches an island onshore, where it is recorded by some seismic 
stations near coastlines or on islands (Talandier et al., 1979). Such waves are 
called T waves. Fig. 2.20 shows T waves (T1, T2 & T3) on 3-component 
seismograms of April 5, 1992 earthquake (ML4.5) in Taiwan recoded at station 
TAW on the southeastern coast of Taiwan. 
Ewing et al. (1950) first proposed analyzing T waves for predicting 
tsunamigenesis. The primary argument for the use of T waves was that the 
generation of both the T waves and tsunami waves was favored by the strong 
coupling between seismic source and the ocean column. Hiyoshi et al. (1992) 
showed that tsunamigenic earthquakes have larger T-phase spectral strength 
and Mo than non-tsunamigenic earthquake. However, Okal et al. (2003) 
disagreed and showed that tsunamigenic earthquakes have smaller Mo and T-
phase spectral strength compared to the non-tsunamigenic earthquakes. They 
attributed this deficiency in T-waves in tsunamigenic earthquakes as a direct 
result of the slow rupture velocities. Stroup et al. (2003) showed that 
tsunamigenic earthquakes have lower T-phase energy flux and bigger Mo 
than non-tsunamigenic earthquakes. Therefore, the research on the T-waves 
with regard to tsunamigenesis is not conclusive and even contradictory. 
Furthermore, the data for T-waves is limited by the availability of 
hydrophones.  
2.3.5 W-phase method (source: Kanamori, 2006) 
 Recently, the use of long-period seismic waves for tsunami warning 
purposes has been proposed for exceptionally large earthquakes. W-phase, 
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which is interpreted as superposition of overtones of long-period Rayleigh 
waves or superposition of multiple-reflected phases like PP, PPP, etc. is used 
as an indicator of tsunami potential. Lockwood and Kanamori (2006) reported 
that tsunamigenic earthquake (e.g. 2004 Aceh earthquake) generates a W-
phase of significantly greater amplitude compared to the non-tsunamigenic 
earthquake (e.g. Nias 2005 earthquake) as shown in Fig. 2.23 and 2.24. But 
the research in this area is very preliminary.  
2.4 Review on existing tsunami warning systems  
 Seismic tsunami warning systems have a long history in the U.S. and 
Japan. A tsunami warning system has existed in the Pacific Ocean since the 
late 1940s. It was substantially upgraded after the 1964 Alaskan earthquake 
(Mw 9.2, the largest earthquake ever recorded in North America) that killed 
over 100 people.  
 In 1965 the existing U.S. tsunami warning systems (in Hawaii and 
Alaska) were integrated with the warning systems of Japan, USSR, Chile, and 
of other regional centers, and became an International Tsunami Warning 
System (ITWS) under the Pacific Tsunami Warning Center (PTWC). Twenty 
five nations are now participating members of ITWS in the Pacific: Australia, 
Canada, Chile, China, Colombia, Cook Islands, Costa Rica, Ecuador, Fiji, 
France, Guatemala, Indonesia, Japan, Mexico, New Zealand, Nicaragua, North 
Korea, Peru, Philippines, Singapore, South Korea, Thailand,  Russia, USA and 
Western Samoa. 
 The Pacific Tsunami Warning Center (PTWC) holds the tsunami 
warning responsibilities in the Pacific Ocean. In this system, the key 
parameters in examining tsunamigenesis of the earthquakes are the epicenter 
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location and magnitude of the earthquake. When an earthquake of sufficient 
magnitude occurs in the Pacific Ocean, the PTWC personnel determine if its 
parameters meet the preset criteria for tsunami generation (i.e., deep sea 
location and magnitude M≥6.5). A tsunami watch is issued to warn of an 
imminent tsunami hazard to the likely affected coastline communities, if the 
criteria are met. Data from tide gauges and buoys located deep on the seabed 
near the earthquake's epicenter is checked for signs of a tsunami. If a tsunami 
is detected, full warnings are sent out via national systems, which have been 
set up in several countries.  
 The PTWC at Ewa Beach near Honolulu, which is operated by the 
U.S. National Weather Service, makes use of 69 seismic stations and 65 tide 
stations throughout the Pacific Basin under the varying control of the member 
states (Fig. 2.23). For far-field coastlines, water level monitoring devices 
located near the epicenter of the earthquake can be used to confirm the 
occurrence of tsunami after a large undersea earthquake is detected. However, 
for local tsunamis, the earthquake  is the only source of information for 
tsunami warning.  
 Designing warning systems for local and regional tsunamis is difficult 
for two primary reasons. First, the time lapse between the arrival of earthquake 
waves at local seismic stations and the impact of the tsunami is often very 
short. As observed with the 1993 Hokkaido-Oki tsunami, the first tsunami 
waves can arrive in as little as 3-5 minutes after the earthquake (Shuto, 1995; 
Tatehata, 1997). The second challenge in designing local tsunami warning 
systems is that, unlike distant tsunamis, there often is no direct confirmation of 
the size of a tsunami until the tsunami wave reaches the local shoreline and is 
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recorded on tide gauge stations. Ocean bottom pressure sensors (DART) 
designed primarily for validation of trans-oceanic tsunamis, may provide 
confirmation of local tsunamis if the source is located near an open-ocean 
instrument (Okada, 1995; Iwasaki et al., 1997; González et al., 1998; Hirata et 
al., 2002). But such systems are expensive to install and maintain.  
 Typical steps involved in issuance of tsunami warning are shown in 
Fig. 2.24 for National Tsunami Warning Center (NTWC) in Japan. 
The quickly available magnitudes i.e. surface wave magnitude (Ms) 
and body wave magnitude (Mb) at about 20 s and 1 s period, respectively, are 
used to compute earthquake size (Fig. 2.25). These magnitudes are given by: 
 CrdF
T
AM ++= ),()log(              (2.40) 
where A is the displacement amplitude in μ m, T is the time period (s), F is a 
correction for attenuation with epicenter distance (r) and focal depth (d), and C 
is a regional scale factor. Magnitude scales are thus logarithmic, so an increase 
in one unit, as from magnitude "7" to "8", indicates a ten-fold increase in 
seismic wave displacement amplitude.  
 The quickly available magnitudes (i.e. Ms and Mb) used for tsunami 
forecasting suffer from several limitations. First, they only reflect a part of the 
radiated seismic energy at short periods (at T=20 for Ms and 1 s for Mb) and 
therefore, may not be able to capture the whole energy spectrum contained in 
the seismic signal, which is responsible for tsunami generation, if there is. 
Second, these magnitudes saturate and remain constant for large earthquake. 
This happens because the energy release in the very large earthquakes is all at 
longer periods (i.e. at T>50 s). Consequently, no matter how big an earthquake 
is, its body and surface wave magnitudes do not exceed 7.2 and 8.3, 
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respectively (Fig. 2.26). Third, all the conventional magnitudes (Ms, Mb, ML, 
etc) are totally empirical and thus, have no direct connection to the physics of 
earthquake source rupture on which the tsunami generation depends. Fourth, 
magnitude estimates vary noticeably with azimuth, due to the amplitude 
radiation patterns. As a result, more than 50% of the tsunami warnings, 
primarily based on these magnitudes (Ms and Mb) information, issued by 
Pacific Tsunami Warning Center has been false (Bernard, 1998).  
 To see why different magnitude scales give different measurements for 
the same event, consider how much energy is radiated at different periods. Fig. 
2.27 shows the source displacement spectra for earthquakes sizes ranging from 
Mw 5.5 to 9.5. Ideally the plot is flat at low frequency and then decays for 
frequencies above “corner” frequency (fo). The corner frequency (fo) is 
proportional to 
rτ1  (where rτ is fault rupture duration). The larger the 
earthquake, the smaller is the corner frequency (source scaling law). The 
earthquake size is less distinctive at short period (high frequency) at which the 
Mb and Ms are determined. Fig. 2.28 shows three large earthquakes, namely 
1960 Chile earthquake (Mw 9.5), 1964 Alaska (Mw 9.2) and 1923 Tokyo (Mw 
7.9). These earthquakes show very different Mw but their Ms are almost same, 
varying slightly from 8.3 to 8.5. Due to this saturation of conventional 
magnitudes (like Ms and Mb), the magnitude of the 2004 Aceh earthquake was 
initially underestimated for tsunami warning (Stein et al., 2004). 
 Current tsunami warning systems can be grouped into a Pacific-wide 
system and regional (or local) systems. The Pacific Tsunami Warning Center 
(PTWC) located in Hawaii monitors seismic and tsunami waves and issues 
tsunami warnings. The French Polynesia Tsunami Warning Center developed 
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and adopted TREMORS (Tsunami Risk Evaluation through seismic Moment 
in a Real-time System) in 1987 (Reymond et al., 1991). TREMORS features 
automatic detection and location of earthquake using a single three-component 
long period seismic station and estimation of seismic moment through 
variable-period mantle magnitude, Mm (Okal and Talandier, 1989).  The 
advantage of using this long-period seismic wave for tsunami warning is the 
ability to estimate the overall size of large or great earthquakes and the 
possibility of detecting tsunami earthquakes (Newman and Okal, 1998) but the 
disadvantage is that longer time is needed before the seismic waves are 
recorded.  
 In the case of regional and local tsunami warnings, a tsunami warning 
must be issued immediately after the occurrence of an earthquake, because 
time before the tsunami arrival is shorter (on the order of minutes). Japan 
Meteorological Agency (JMA) operates a nationwide seismic observation 
system and has six Regional Tsunami warning Centers, where data are quickly 
analyzed and tsunami forecasts are issued 7 to minutes after the earthquake. 
When a large earthquake occurs, one of the four messages (major tsunami, 
tsunami, tsunami attention or no tsunami) is issued for each coastal region, 
based on the earthquake magnitude, epicenter location, local depth and the 
distance to each coastal region. 
2.5 Concluding remarks 
 Prediction of tsunamigenesis of earthquakes depends on proper 
understanding of the source mechanism, which is poorly understood at 
present. The current tsunami warnings system relying mainly on earthquake 
magnitude and location is inefficient as evident from 50% false warnings. 
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More reliable and comprehensive methods, based on the information of the 
earthquake source and rupture mechanism, could be developed to reinforce 
and complement the current tsunami warning systems. The literature review 
on seismic tsunami prediction methods (e.g. Mwp, Mm, T-wave and W-phase) 
shows that these methods either have some limitations or they are incomplete 
and inconclusive. Further research is needed to look for more robust methods. 
Such methods could include alternative techniques to differentiate 
tsunamigenic earthquakes from non-tsunamigenic earthquakes. In addition, the 
tsunami prediction methods based on the numerical methods using historical 
earthquakes data could also be developed. With recent deployment of several 
broadband stations across the globe, research can also start looking at the 
possibilities of computing the earthquake source parameters in the quickest 
possible time for a more accurate, fast and reliable tsunami warning.  





Table 2.1. Earthquake magnitude and possible tsunami destruction (Hasan et al, 2007)  
 
No.  Magnitude Destruction 
a M>7.8 Possibility of ocean-wide destructive tsunami 
b 7.5<M<7.8 Possibility of a destructive regional tsunami with effects limited to within 1000 km of epicenter 
c 7.0<M<7.5 Possibility of a destructive local tsunami with effects limited to within 100 km of epicenter 





Table 2.2. Values of Manning’s roughness coefficient (η) for certain types of sea bottom 
(Imamura et al., 2006) 
 
Channel Material η Channel Material η 
Neat cement, smooth metal 0.010 Natural channels in good condition 0.025 
Rubble masonry 0.017 Natural channels with stones and weeds 0.035 
Smooth earth 0.018 Very poor natural channels 0.060 




















































































































Figure 2.4. Characteristics of tsunami wave: (a) Phase velocity, tv  (solid lines) and group 
velocity, gv  (dashed lines) of tsunami wave on a flat earth with ocean depths of 1, 2, 4 and 6 
km and (b) Wavelength decreases with wave period (Ward, 1980). 
(a)
(b)





























Figure 2.5. Vertical seafloor uplift causing tsunami: (a) Unperturbed oceanic column before 
the earthquake (b) During the earthquake, a hump is generated on the ocean floor, resulting in 






Figure 2.6. Tsunami waves drag on sea bottom near coastline, becoming shorter in wavelength 
(λ) but higher in wave amplitude (η) before breaking at the shore. Source : International 

































Figure 2.7. Idealized cross-section through subduction zone showing tsunami generation from 
earthquake. Relationship of subducting plate (left) to overriding plate (right). Sudden release 

















Figure 2.8. Geometry of the earthquake source model (Okada, 1985). U1, U2 and U3 indicate 




















Figure 2.9. Geometry of the earthquake source model and orientation of Burger’s vector D 
(i.e. slip vector) which is expressed in terms of strike-slip (U1=|D|cosφcosλ), dip-slip 
(U2=|D|cosφsinλ) and tensile dislocation (U3=|D|sinφ). (adopted from Okada, 1985). 



























Figure 2.10. Fault parameters used for computation of initial tsunami wave height profile (φf  


























Figure 2.11. Initial tsunami wave high profile mimicking the seafloor displacement due to 









































Figure 2.12. Initial tsunami wave height profile after the 2004 Aceh earthquake with uplift of 














Figure 2.13. An aerial image showing water retreating on the Thai coastline during the 2004 
Aceh tsunami. Note that position of shoreline has retreated seaward nearly 300 meters (arrow) 


























Figure 2.14. Space domain of the governing equations for tsunami propagation modeling 












































Figure 2.15. Results of tsunami propagation modeling (using TUNAMI-N2) at 12 hours after 
the 2004 Aceh earthquake: (a) Arrival time of first wave. Note tsunami took about 2 hours to 
reach Sri Lankan, Thai and Indian coasts and (b) Maximum tsunami wave heights. Source: 





(a) Arrival time of first tsunami wave for 2004 tsunami  
(b) Maximum tsunami wave heights for 2004 tsunami
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Figure 2.16. Computed maximum tsunami height (Hmax) versus epicenter distance (r) for 
earthquake magnitude (M) 6.5 to 9.5. The gray areas include an allowance for anomalous 
events (for e.g. slow earthquakes). The fault mechanism involved is a 45o dip-slip shallow 
fault that ruptures to the sea floor. Constant ocean depth h of 4 km is assumed. These curves 
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Figure 2.17. Seismic data preparation for Mwp computation: (a) Seismograms of velocity, (b) 
displacement obtained by direct integration of the velocity seismogram, and (c) integrated 
























Figure 2.18. Mwp determined following the procedure described by Tsuboi et al. (1999) 
compared to Harvard CMT Mw. Event symbols are: interplate thrust events (blue triangles); 






































































Figure 2.19. Computation of mantle magnitude Mm for Kurile Island earthquake (October 4, 
1994) recorded at station TKK at r=36o. (a) Distance computed from S-P time. (b) Spectral 
amplitude X(ω) computed from Fourier amplitude of Rayleigh wave (highlighted in yellow). 
At each period, compute spectral amplitude is computed and correct for excitation and 























Figure 2.20. Three-component seismograms of April 5, 1992 earthquake (ML4.5) in Taiwan 
recoded at station TAW on the southeastern coast of Taiwan. The arrows mark the first 
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(b) 
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Figure 2.21. Seismic signal for tsunamigenic earthquake (Aceh 2004, Mw 9.0-9.3): (a). Time 





























Figure 2.22. Seismic signal for non-tsunamigenic earthquake (Nias 2005, Mw 8.6-8.7): (a) 
Time history, and (b) its Wavelet Transformation (after Lockwood and Kanamori, 2006). 
Significant long-period component detected. 
Relative magnitude = 0.020 to 0.030 
 
No significant long-period component 
detected. Relative magnitude only 0.002  



























Figure 2.23. Seismic stations (triangles) and tide stations (dots) of the Pacific Tsunami 


























Figure 2.24. Tsunami warning procedure (JMA, http://www.jma.go.jp/en/tsunami) 
 


















































Figure 2.26. Relation between moment magnitude (Mw) and other magnitudes (Heaton, 1986). 
Note saturation of all other magnitudes except Mw. 















Figure 2.27. Illustration of earthquake displacement spectra showing corner frequencies (blue 
line) and different magnitude determinations (Kanamori, 2007). Note longer corner period for 






























Figure 2.28. The rupture area, surface wave magnitude (Ms), and moment magnitude (Mw) for 














































Compilation of Global Tsunami Data  
 
 
3.1 Introduction  
 The existence of historical database of tsunami and related earthquake 
is of great importance for development of tsunami warning systems and 
tsunami hazard mitigation. Study of past earthquakes would help to estimate 
the future probabilities. In this study, a database of worldwide tsunamis caused 
by earthquakes was compiled. The tsunami database was then correlated with 
the earthquake source parameters. This combined database is meant to serve as 
input for hydrodynamic modeling of tsunami generation (using Data-Driven 
Techniques in Chapter 7). Besides, the historical data also provide a global 
view of the tsunami problem. 
 For tsunami studies the earthquake source parameters are the key 
essential input. But these parameters became available only since 1977 when 
the force-balanced seismographs, which are capable of recording ground 
motions over a very broad period range (T = 0.1 s to hours) with a large 
dynamic range in amplitude (a factor of 107 in the ratio of the smallest to the 
largest amplitudes) have become widely used. The increase in the frequency 
bandwidth and the dynamic range of the seismographs enabled seismologists 
to investigate earthquake rupture characteristics. In particular, the broadband 
seismograms enabled the study of the macroscopic quantities of the 
earthquake such as the seismic moment, slip, radiated energy and stress 
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changes. Since the data of earthquake source parameters is available only for 
the last 30 years (i.e. since 1977) the record is not long enough for earthquake 
recurrence studies. But it can be used for studies of tsunami cases and 
earthquake characteristics. The earthquake and tsunami parameters used in this 
study are schematically shown in Fig. 3.1. 
3.2 Compilation of tsunami records 
 As the parameters for computational tsunami modeling increase in 
number and sophistication, it becomes ever more important to have a reliable 
database. In this work, an events archive was compiled from various tsunami 
sources and earthquake sources. The individual earthquake events could be 
used as sources for modeling tsunami generation and propagation. Special 
emphasis has been made to include only reliable earthquake records collected 
in the post 1977 era.  
 A global search of earthquake-triggered tsunami events was conducted.  
Tsunami records (of maximum wave height, tsunami magnitude, damage, etc.) 
for the database have been drawn from mainly two sources: (1) catalogues 
maintained by the Novosibirsk Historical Tsunami Database (HTDB) of the 
Tsunami Laboratory in Novosibirsk, Russian Academy of Sciences and (2) 
tsunami database of National Geophysical Data Center (NGDC) of National 
Oceanic and Atmospheric Administration (NOAA). Both these databases draw 
from pre-existing earthquake and tsunami catalogues (Dunbar et al., 1992; 
Lockridge et a., 1996; Soloviev et al., 1984; Iida et al., 1967; Abe, 1979). 
Although the NGDC database is more swiftly updated following an 
earthquake, the main motivation for also considering the HTDB database is its 
clearer presentation of magnitude values. The HTDB database allows easy 
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identification of the magnitude scale used (e.g. Mw, Ms), which is significant 
for comparing tsunami records with earthquake fault solutions. In the current 
research, Mw, which is related to earthquake source dimension and slip, is 
preferred over other magnitudes for tsunami modeling. To ensure that spurious 
data were excluded from the final database, only events with occurrence 
validity ratings of 4 (‘definite’ tsunami) were retained. Although the earliest 
tsunami record dates back from 684 AD in NGDC record and 1746 in HTDB 
record, only the tsunami records, which have corresponding earthquake 
records (i.e. since 1977 from Harvard CMT) are included in the global tsunami 
database archive.  
3.3 Compilation of earthquake (tsunamigenic) records 
The computation of earthquake source parameters has only been 
possible in the modern instrumental era, with the development of algorithms to 
invert broadband seismograms (Dziewonski et al., 1981). The source 
parameters include the moment magnitude (Mw), focal mechanism (strike φf, 
dip δ and rake λ) and focal depth. Two main online catalogues carry 
earthquake source parameters since 1977: (1) National Earthquake 
Information Centre (NEIC) of the USGS and (2) Global Moment Tensor 
Catalogue of Harvard University.  
 The tsunami records described in previous section were matched with 
the records of the earthquake source parameters.  The earthquake origin time 
and magnitude values were used to differentiate main earthquake event from 
the aftershocks. The NGDC and HTDB records of tsunami use the earthquake 
origin time, epicenter location and magnitude values from fast moment tensors 
(NEIC), which may be less accurate than later solutions. Reliable fault 
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parameters from published sources were used to update and correct the results 
from NGDC and HTDB.  
3.4 Database fields for tsunami modeling  
 The final database fields developed, which will be used for data-driven 
tsunami modeling and tsunami prediction studies, include:  
• Date and origin time of the earthquake: year, month, day, hour, minute 
(seconds have been temporarily omitted due to issues with accuracy) 
• Earthquake location: latitude, longitude and focal depth 
• Earthquake magnitude: moment magnitude (Mw) and/ or surface 
magnitude (Ms) 
• Fault orientations: Strike (φf), dip (δ) and rake (λ) for the two nodal 
planes of the fault solution. The two planes represent equally viable 
solutions for the earthquake energy radiation pattern. The ‘true’ fault 
plane and the auxiliary plane are usually discriminated based on 
knowledge of the general geological setting and aftershocks. In the 
case of large subduction earthquakes, the strike angle of the subduction 
zone could be used as reference. 
• Tsunami parameters: maximum run-up height (Hmax) reached by the 
water on the shore from the mean-sea-level, the number of run-up 
measurements (Nob), Abe (1979) tsunami magnitude Mt, Soloviev 
tsunami intensity I (Soloviev et al., 1984), damage code D (a scale of 0 
to 4 indicating ‘none’ to ‘extreme’), the number of reported deaths or 
fatalities F. All the measurements of the tsunami wave (Mt, I, etc.) are 
based mainly on tsunami wave heights (either maximum wave height 
Hmax or average wave height Havg). Until recently, the only instruments 
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capable of measuring the tsunami wave heights were tidal gauges. The 
interpretation of their records is hampered by complexity of the 
response of coastlines, bays and harbors, where most of these devices 
are located. An empirical relation between earthquake magnitude 
(Mw), Iida tsunami magnitude (m) and maximum run-up height (Hmax) 
is shown in Table 3.1 (Iida, 1967).  
  
 The database of tsunamigenic earthquakes developed in this study 
extends from 1977 to 2007. A total of 302 events were identified and archived 
(Table A1 in Appendix). A value of “-999” was used where a data is missing. 
A global map of the tsunamigenic events since 1977 is shown in Fig. 3.2 and 
details for the Southeast Asia region are given in Fig. 3.3. The list (in Table 
A1) is confined to available data and is therefore not meant to be predictive. 
But it allows the user to pick from a list of known tsunamigenic earthquakes 
for the purposes of tsunami forecasting and also seismic data analysis.  
3.5 Comparison of tsunami sources in Pacific, Indian and Atlantic 
Ocean 
 Until 2004, it was generally thought, following Ruff and Kanamori 
(1980), that the maximum expectable earthquake at a subduction zone could 
be predicted on the basis of two simple parameters (i.e. age of subdcuting 
lithosphere and rate of plate convergence) leading to the concept of “safe” 
subduction zone, from which transoceanic tsunamis would not be generated. 
Unfortunately, the 2004 Aceh earthquake violated this paradigm, and the re-
examination of an updated Ruff-Kanamori dataset has led Stein et al. (2007) to 
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the precautionary conclusion that all sufficiently long subduction zones 
(L>500 km) must be considered potential sources of mega-thrust earthquakes.  
 The December 2004 tsunami was caused by an Mw 9.0-9.3 earthquake, 
the latest of only five megathrust earthquakes (i.e. Mw ≥ 9) since 1900. Fig. 3.4 
and Table 3.2 show all the transoceanic tsunamis, which are defined as 
tsunamis that propagate throughout the ocean and could cause loss of life and 
damage even far away from the epicenter area. The 11 transoceanic tsunamis 
during the last 250 years are responsible for 372,000 fatalities (HTDB). 
Among them, 275,000 people were killed during just one event - the 2004 
tsunami. The death toll from past transoceanic tsunamis was significantly 
lower probably because of the lower population density along the coasts near 
affected areas at that time and the much greater epicenter distances to more 
populated coasts. 
 Tsunamis occurred in Pacific, Indian and Atlantic oceans. But there are 
several major differences in tsunami sources among the three oceans. The 
Pacific Ocean generated major trans-oceanic tsunamis. Since 1900 the only 
earthquakes recorded with a greater magnitude than Mw 9.0  were the Great 
Chilean earthquake on May 22, 1960 (Mw 9.5), the Good Friday earthquake in 
Prince William Sound, Alaska on March 28, 1964 (Mw 9.2), and the 
Andreanof Islands earthquake on March 9, 1957 (Mw 9.1) (USGS). The only 
other recorded earthquake of Mw 9.0 was on November 4, 1952 off the 
southeast coast of Kamchatka. All these magathrust earthquakes generated 
ocean-wide tsunamis in the Pacific Ocean. In comparison, tsunamis are much 
less frequent in the Indian Ocean, but it is also capable of generating global 
and trans-oceanic tsunamis, such as 1883 tsunami (from the eruption of the 
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Krakatoa volcano) and 2004 tsunami. Pacific Ocean, being large in extent, 
exhibits somewhat different tsunami characteristics from the Indian Ocean, 
which is much smaller in size. Reflected waves from distant boundaries do not 
contribute significantly to the total water levels associated with tsunami waves 
in the Pacific Ocean. On the other hand, in the Indian Ocean, boundary 
reflections play important role in determination of the tsunami heights.  
 While the Pacific and Indian Oceans can support transoceanic 
tsunamis, the past events and numerical models suggest that, in general, the 
Atlantic Ocean cannot. With the possible exception of the 1755  Lisbon 
tsunami, which had some ocean-wide effects, there appears to be no 
transoceanic tsunami in the Atlantic Ocean in historical time (Baptista, 1998; 
Murty et al., 2005). Tsunamis do occur in Atlantic Ocean, but they are all 
generally local and do not impact the whole Atlantic Ocean. One of the 
reasons is the relative absence of major fault zones in the Atlantic as compared 
to the Pacific and Indian Oceans. The earthquakes associated with the mid-
Atlantic ridge, which is a divergent boundary, appear to be deep and do not 
seem to have tsunamigenic potential.  
 Pacific Ocean is also the main source for “tsunami” earthquakes, 
which present a special challenge to tsunami warning. The 1896 earthquake 
(Sanriku, Japan) of Ms 7.9 produced the biggest tsunami in Japan and yet, its 
ground shaking was not widely felt along the adjacent coastlines. Likewise, 
the 1946 event (Aleutian) also produce huge tsunami although it was only of 
surface wave magnitude Ms 7.4. Both these events are classified as tsunami 
earthquakes (Kanamori, 1972) because they produced unusually large 
tsunamis (in terms of wave height) compared to expected wave height arising 
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from the surface wave magnitude. In addition, the 1960 (Peru), 1963 (Kurile) 
and 1975 (Nemuro, Kurile) events are also classified as tsunami earthquakes 
by Pelayo et al. (1992). These thrust earthquakes occurred at shallow depths 
(<15 km) near trench axis and had low dip angles (6-8o) with rupture velocity 
less than 1 km/s.  Likewise, the recent 1996 Peru and 1992 Nicaragua 
earthquakes are also classified as “tsunami earthquakes”. Only two “tsunami 
earthquakes” in Indian Ocean are the 1994 and 2006 Java earthquakes. All the 
reported “tsunami” earthquakes are shown in Fig. 3.5 and Table 3.3. Tsunami 
earthquakes are particularly dangerous because they could strike the coastlines 
without any warning through significant ground shaking. Therefore, these 
earthquakes need special consideration for tsunami prediction and warning.  
3.6 Effect of source parameters on initial tsunami wave height profile 
 Having obtained the earthquake source parameters the effects of main 
source parameters on the initial tsunami generation are investigated. The 
initial tsunami wave height profile is directly related to the earthquake source 
parameters, which in turn depend mainly on the seismic moment (Mo).  
Besides the Mo, the focal mechanism (φ, δ, λ) has strong effect on the tsunami 
generation and direction of the tsunami wave propagation. Numerical models 
(Mansinha et al. 1971; Okada 1985) are commonly used to model tsunami 
generation at the earthquake source. The numerical source codes for the 
tsunami generation from the seafloor deformation are given in Appendix B. 
These models are based on the assumption that the fault rupture is 
instantaneous and there is no coupling between the seafloor deformation and 
tsunami generation. The initial tsunami wave height profile is assumed to 
mimic the deformation of the seafloor. A complex rupture pattern can also be 
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constructed by dividing the fault plane in a set of smaller faults with each of 
these individually described by an Okada formulation.  
 Using the Okada models, the tsunami generation depends on 10 source 
parameters (fault length L, width W, slip Δ, strike φ, dip δ, rake λ, epicenter 
location, focal depth & rupture duration). The Mo and focal mechanism are 
obtained from Global CMT solutions. The fault extent (i.e. fault L, width W 
and slip Δ) can estimated from Mo and aftershocks. The historical earthquake 
source parameters in the currently developed database were used as guides in 
the numerical modeling. The schematic representation of the generation of the 
tsunami by the undersea earthquake (as in the case of the 2004 Aceh 
earthquake) is shown in Fig. 3.6 and the earthquake parameters used in 
computing the initial tsunami wave height profile at the earthquake source are 
shown in Fig. 3.7.  
 Using the 2D elastic dislocation theory of initial tsunami wave 
generation (Mansinha et al., 1971) the effects of the slip (U) on the fault plane, 
the fault width (W) and dip angle (δ) for a large earthquake were investigated.  
 First, the effect of the slip on the tsunami wave height profile was 
investigated. Fig. 3.8 shows the vertical sea floor deformation due to slip 
dislocations (U) of 10, 20 & 30 m on a 200 km wide fault plane dipping at 13o. 
The resultant vertical seafloor displacements are 2, 4 and 6.3 m corresponding 
to the dislocations of 10, 20 and 30 m respectively. Therefore, as expected, it 
can be seen that the magnitude of slip (U) has large effects on the generation 
of the tsunami wave. The maximum tsunami wave height is linearly 
proportional to the slip magnitude for a fixed fault geometry and size. Note 
that in this linear elastic theory of tsunami generation, it is assumed that the 
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tsunami wave height profile is the same as the seafloor displacement beneath 
it, ignoring the coupling effects (if any) between the motion of the seafloor 
and the water above it. 
  Next, the effect of the fault width (W) on the seafloor displacement 
was investigated for a fixed slip of 30 m on a fault plane dipping at 13o for 
different fault widths (W) of 50, 200 & 400 km. A dip slip dislocation with 
reverse fault type was assumed in the computation. Fig. 3.9 shows the effect of 
the fault width on the seafloor displacement. The maximum tsunami wave 
heights remain the same even though the fault widths are varied. However, the 
width of the seafloor deformation and therefore the wave length of the tsunami 
wave, increase as the fault width increases. This has implication for tsunami 
propagation as the longer wave can travel farther distance with lesser 
attenuation. Thus, the larger earthquake associated with large ground rupture 
(i.e. large fault width) generates tsunami with greater wave length causing 
destruction at distant coastal areas.  
 Lastly, the effect of the dip angle (δ) on the initial tsunami wave height 
was investigated. Fig. 3.10 shows the effect of the dip angle (θ = 13o, 30o and 
90o) on the seafloor displacement due to a 30 m dislocation on a 200 km wide 
fault.  The maximum vertical seafloor displacements are 6, 12.5 and 15 m for 
dip angles of 13o, 30o and 90o respectively. This indicates that not only the 
fault width and slip but also dip angle has a huge effect on the tsunami 
generation.    
 Then using the 3D model (Okada, 1985) the effect of different types of 
fault (i.e. strike-slip, dip-slip and tensile faults) on the tsunami generation was 
investigated. A general dislocation can be determined by three angles: the dip 
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angle δ, the rake angle λ  and the angle φ between the fault plane and Burger’s 
vector D (i.e. slip vector) as shown in Fig. 3.11. The slips on the fault plane 
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where U1, U2 and U3 show strike-slip, dip-slip and tensile-slip. The free 
ground surface displacement profiles due to a pure strike-slip (U1), pure dip-
slip (U2) and tensile-slip (U3) faults for magnitude Mw 8 given in Table 3.4 
were studied using Okada model (1985) in Fig. 3.12 to Fig. 3.13. The vertical 
axis shows the tsunami wave height (uz) normalized by the slip magnitude (U). 
Fig. 3.12 shows the surface wave profile due to strik-slip fault while Fig. 3.13 
shows that for dip-slip. It can be seen that the dip-slip as expected has larger 
normalized tsunami wave height profile (uz/U) compared to the strike slip. Fig. 
3.14 shows the result for tensile fault with significant tsunami wave height. 
But tensile faults are usually not considered for tsunami generation because 
the tectonic plates do not generally open up in the seabed like this.    
The classical approach to tsunami generation modeling, which 
computes the seafloor displacement and translates this into the initial tsunami 
wave height profile, has some drawbacks. It does not account for the dynamic 
character of the tsunami generation. It is possible that slow slip may not 
produce tsunami waves of same amplitude as fast seabed motion. Rupture 
duration was about 10 minutes for the 2004 Aceh earthquake. This effect is 
believed to be important for assessment in the near-field tsunami. Thus the 
classical approach either may under- or over-estimate the initial wave 
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amplitude depending on the time characteristics of the source. Nevertheless, it 
gives a good estimate of the initial tsunami wave at the earthquake source.  
3.7 Concluding remarks 
 A database of historical tsunamis and tsunamigenic earthquakes have 
been developed using the online catalogues and published papers. The 
database contributes to the segmentation and quantification of fault zones to 
be used for a subsequent tsunami modeling. Furthermore, the earthquake 
source parameters can be used as reference in the development of the seismic 
tsunami warning in this research.  
 The study of the death toll for 11 most destructive trans-oceanic 
tsunamis during the last 250 years showed that although the damaging impact 
of large tsunamis can last up to 20 hours, over 84% of their fatalities occur 
within the first hour propagation time (Bernard et. al., 2009). The 
overwhelming majority of the damaging tsunamis are local and regional 
events whose major damage and all fatalities are limited to a near-source area 
within one hour travel time. Likewise, most of the tsunamis that occurred in 
the Indonesian region are also local tsunamis with distance from tsunami 
sources to the nearest coastal area in the range of 100 to 200 km and travel 
time of about 10 to 30 minutes. This important fact should be taken into 
account in design and implementation of any local or regional tsunami 
warning system. The effects of the earthquake source parameters on the initial 
tsunami wave heights have been investigated with numerical models 
highlighting importance of these parameters in tsunami forecasting and 
warning.
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Table 3.1. Relationship between earthquake magnitude (Mw), Iida tsunami magnitude (m ) 




Iida tsunami magnitude 
m=log2(Hmax) 
Maximum run-up at 
coast, Hmax(m) 
6.0 -2 <0.3 
6.5 -1 0.5-0.75 
7.0 0 1.0-1.5 
7.5 1 2.0-3.0 
8.0 2 4.0-6.0 
8.3 3 8.0-12.0 
8.5 4 16.0-24.0 




Table 3.2. List of transoceanic tsunami events from 1755-2006. Hmax(NF) and Hmax(FF) are 
maximum tsunami run-up in the near field and the far field, respectively (NGDC). Abe 













Ms Mw Hmax(NF) (m) 
Hmax(FF) 
(m) 
Mt Deaths Source Region 
1 11/01/1755 08:50:00 36.00 -11.00 -  -  8.5 18.0 7.0 -  40,000 Lisbon, Portugal  
2 11/07/1837 12:51:00 -42.56 -74.00 -  -  8.5 8.0 6.0 -  many South Chile  
3 08/12/1868 20:45:00 -17.70 -71.60 25 8.8 9.1 18.0 10.0 9.0 3,000 Northern Chile 
4 06/15/1896 10:33:00 39.60 144.20 30 7.9 8.4 38.2 5.5 8.6 27,122 Sanriku, Japan  
5 02/03/1923 16:01:47 54.08 160.52 21 8.3 8.6 8.0 6.1 8.8 3 SE off Kamchatka 
6 04/01/1946 12:28:56 52.75 -163.50 50 7.4 8.3 42.2 20.0 9.3 165 Aleutian Islands  
7 11/04/1952 04:16:00 52.76 159.50 -  -  9.0 18.0 9.1 -  15,000 
Kamchatka, 
Russia  
8 03/09/1957 14:22:32 51.57 -175.34 28 8.1 9.1 22.8 16.1 9.0 - 
Central Aleutian 
Is. 
9 05/22/1960 19:10:46 -38.31 -72.65 60 8.5 9.5 15.2 10.7 9.4 2,500 Corral, S. Chile 
10 03/28/1964 03:36:13 61.02 -147.65 7 8.4 9.2 68.0 4.9 9.1 115 
Gulf of Alaska, 
Alaska  
11 12/26/2004 00:58:50 3.30 95.78 10 8.7 9.0 34.5 9.6 9.0 275,000 Aceh, Indonesia  
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Table 3.3. List of “tsunami earthquakes” (defined as earthquakes that produce more tsunami 
wave heights than expected from their short-period magnitude) from 1896-2006. (Kanamori, 
1972; Pelayo et al., 1992). 
 










1 6/15/1896 10:33:00 144.200 39.600 Sanriku, Japan  8.4 30 27,122 
2 4/1/1946 12:28:56 -163.500 52.750 Aleutian Is. 8.3 50 165 
3 11/20/1960 22:01:56 -80.700 -6.800 Peru  7.6 <15   
4 10/20/1963 00:53:00 150.000 44.100 Kuril Is. 6.7 <15   
5 6/10/1975 17:47:14 147.730 43.000 Kuril Is. 7.8 <15   
6 6/2/1994 18:17:00 112.835 -10.477 East Java  7.2 6 250 
7 9/2/1992 00:16:00 -87.340 11.742 Nicaragua  7.2 - 170 
8 2/21/1996 12:51:00 -79.587 -9.593 Peru  7.5 4 12 




Table 3.4. Source parameters corresponding to Mw 8 earthquake for input to Okada model  
 
No. Source parameters Value 
1 Strike, φf (o) - 
2 Dip angle, δ (o) 13o 
3 Rake, λ (o)  
4 Fault depth, d (km) 25 
5 Fault length, L (km) 158 
6 Fault width W (km) 45 
7 Burger vector (slip), D (m) 3.17 
8 Source duration, τr (s) - 
9 Event latitude, (o) - 
10 Event longitude, (o) - 
 Young’s modulus, E, (GPa) 9.5 
 Poisson’s ratio, ν 0.23 
 






































Figure 3.1. Earthquake source parameters and tsunami parameters: (a) Definition of fault 
parameters and (b) tsunami parameters, which are computed from maximum run-up (Hmax) or 





































Figure 3.2 Data coverage for reliable earthquake-triggered tsunami records (yellow circles) 
with known earthquake source parameters. Restricted to reliable data in the modern 



























Figure 3.3. Data coverage for reliable earthquake-triggered tsunami records with known 
earthquake parameters in Southeast Asia since 1977 




















































































































































































































































































































































































Figure 3.4. Transoceanic tsunami events (red squares). The 1883 Krakatoa volcano in 

























Figure 3.5. “Tsunami” earthquakes as defined by Kanamori (1972) and Pelayo et al (1992). 
2006 and 1994 Java earthquakes caused tsunami in Indian Ocean while rest of “tsunami 
earthquakes” occurred in Pacific Ocean. (Source: Kanamori, 1972 ; Pelayo et al., 1992; 






















































Figure 3.7. Geometry of the source model used for computation of initial tsunami wave height 





































Figure 3.8. Vertical seafloor displacements on a 200 km wide fault plane dipping at 13o due to 





























Figure 3.9. Vertical seafloor displacements due to a 30 m slip on a fault plane dipping at 13o 
for fault widths (W) of 50, 200 and 400 km  
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Figure 3.10. Vertical seafloor displacements due to 30 m slip on a 200 km wide fault for dip 






























Figure 3.11. Geometry of the earthquake source model for Okada model (Okada, 1985). 
Burger’s vector D is the slip vector, which can be resolved into strike slip, dip slip and tensile 
slip.   
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Figure 3.12. Normalized wave height profile uz/U (where uz is seafloor displacement which is 
assumed to be same as wave height profile and U is slip on the fault plane) due to strike-slip 
faulting represented by φ=0, λ=0 and D=(U1,0,0). The horizontal distances x and y are 


























Figure 3.13. Normalized wave height profile uz/U due to dip-slip faulting represented by φ=0 
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Figure 3.14. Normalized wave height profile uz/U due to tensile (opening dislocation) faulting: 













Tsunami Prediction using Frequency 
Analysis of Seismic Data  
 
4.1 Introduction 
 Tsunami warnings have always been made from imperfect and limited 
data often relying solely on the earthquake magnitude and epicenter location. 
Large earthquakes (Mw ≥ 7) occurring in a deep sea, can cause significant 
tsunamis. However, tsunami generation is not determined by the magnitude of 
the earthquake alone, but also affected by the fault rupture mechanism and 
types of faults. Thus, the prediction of tsunami generation is very complex. 
 For the purpose of the tsunami warning, usually the quickly available 
earthquake magnitudes (i.e. surface magnitude, Ms and body wave magnitude 
Mb), epicenter and focal depth are determined. But these magnitudes tend to 
underestimate the size of the earthquake since they are measured at short 
period. Past records indicate that many earthquakes with significant magnitude 
produced no or very minor tsunami while even some moderate earthquake 
(especially the so called “tsunami” earthquakes) resulted in far larger tsunami 
than would be expected from their magnitude. For instance, the 2005 Nias 
earthquake (in Indonesia) with Mw 8.7 cause only insignificant tsunami of 1-3 
m while the 2006 Java earthquake of Mw 7.7 resulted in a devastating tsunami 
(of 10 m wave height according to NGDC/NOAA) killing 700 people. This 
shows the complexity of tsunamigenesis that is not solely determined by 
earthquake magnitude.  
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 During the earthquake, seismic waves are excited by rapid and varying 
sliding motions that initiate with a frictional instability at the weakest point or 
patch on the fault. Slip begins as the rupture front spreads across the fault. 
Both rupture propagation and local slip history (i.e. the temporal variation and 
total slip at a particular position on a fault) influence the frequency and 
strength of radiated seismic waves. Each earthquake has its own unique source 
spectrum reflecting the complexities of its rupture mechanism. Fortunately, all 
these complexities are captured in the seismogram, especially on the 
frequency content of the signals. The rupture front propagation (rupture 
pattern, duration and speed) is reflected in the high frequency P wave while 
the much slower slip accompanying the rupture is reflected in the long period 
surface waves. By extracting this information from the seismograms, possible 
identifying characteristics could be determined. These could then be used for 
differentiation of tsunamigenic events from non-tsunamigenic ones for 
tsunami prediction and warning.   
 In the current study, I examined and analyzed the patterns of the 
seismic signals to extract the unique earthquake source characteristics. A 
pattern recognition methodology using the frequency analysis methods (for 
example FFT and CWT) was developed for seismic waves. I began by looking 
at seismic records of major historical tsunamigenic earthquakes and 
comparing them to non-tsunamigenic earthquakes with similar magnitude and 
location. Sharprio et al. (1998) showed that ratio of the total radiated energy to 
high frequency (1-5 Hz), ER was greater for earthquakes near the trench than 
those near the coast. But their application is limited to Mexico only. The 
spectral analysis methods of Fast Fourier Transform (FFT) and Continuous 
Chapter 4: Tsunami Prediction using Frequency Analysis of Seismic Data 
 89 
Wavelet Transform (CWT) were used to extract the frequency content of the 
seismic signals recorded at regional (r < 30o) to near-regional stations. One 
distinct advantage of this proposed method is that the existing global seismic 
records could be used to explore the characteristics of the historical 
tsunamigenic earthquakes. This study aims to detect tsunamigenesis of the 
earthquakes by analyzing the frequency content of the seismic signals. Such a 
method could become a useful tool in near real-time assessment of 
tsunamigenic potential. 
4.2 Seismic data  
Since the late 1970s, force-balanced seismographs have become 
widely used (Wieland et al., 1982). These seismographs record ground 
motions over a very broad period range (from 0.02 s to hours) and have a large 
dynamic range in amplitude (a factor of 107 in the ratio of smallest to largest 
amplitude). With the current technology, the earthquake signals can be 
recorded within minutes of an earthquake using broadband digital 
seismometers. Most seismic data is available from the Global Seismic 
Network (GSN) under Incorporated Research Institute for Seismology (IRIS) 
and source parameters (seismic moment, focal mechanism, depth, source time, 
etc) are available from the Harvard Centroid Moment Tenser (CMT) solutions 
and USGS. The GSN comprises of 214 seismic station spread over the globe 
as shown in Fig. 4.1 and Table C1 (in Appendix). These stations continuously 
record seismic data from broadband seismometers at 10-20 Hz and strong-
motion sensors at 100 Hz. Some stations are also operated by the individual 
countries, outside the GSN.  These stations, especially those operated by 
Japan, Germany, China, Australia, Malaysia, Indonesia and Thailand may be 
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useful for teleseismic data collection and analysis in Southeast Asia. Besides 
the existing seismic stations under the FDSN, the Indian Ocean Seismic 
Network has proposed several new stations.  Fig. 4.2 shows the distribution of 
seismic stations in the Southeast Asia and Indian Ocean. 
 In this study, I applied the spectral methods to seismograms of five 
pairs of earthquakes recorded at regional distance. Table 4.1 provides basic 
information of the earthquakes used in this study. The pairs include three 
“tsunami” earthquakes of Java 1996, Peru 1996 and Nicaragua 1992. It was 
the aim of this study to compare seismograms at nearby stations (r≤ 10o) but 
such records are often not available, especially for earthquakes that occurred 
before 1990s when the stations were only sparely available. Each pair of 
earthquakes compared, consisted of a tsunamigenic and a non-tsunamigenic 
earthquake with similar moment magnitude (Mw), occurring in the same 
tectonic zone and recorded at similar epicenter distance. The non-
tsunamigenic earthquakes in this paper refer to those earthquakes that did not 
generate tsunami at all, or resulted in only insignificant tsunami wave heights.  
Using the spectral analysis, the amplitudes at a wide range of 
frequencies are compared. The following data processing steps were taken to 
prepare data for the spectral analysis using the Seismic Analysis Code (SAC):  
(1) Remove instrument response from the raw data (obtained from IRIS) to get 
the velocity seismogram. (2) Normalize the velocity seismogram by its peak 
amplitude value. (3) Cut the records to same length and same sampling rate.  
 4.3 Methods of spectral analysis 
 The spectral analysis of the seismic signals began with Fourier 
Transform and improved with Wavelet Transform which could analyze non-
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stationary signals and reveal amplitude information in frequency and time 
simultaneously.  
4.3.1 Fast Fourier Transform (FFT) 
 Before 1930, the main branch of mathematics leading to signal 
analysis began with Joseph Fourier (1807) with his theories of frequency 
analysis. He asserted that any 2π-periodic continuous function x(t) can be 
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The Fourier theory is based on the idea that any oscillating signal can be 
composed of Sines and Cosines of different frequencies. The signal can then 
be analyzed for its frequency content because the Fourier coefficients of the 
transformed function represent the contribution of each sine and cosine 
function at each frequency. For a continuous and integrable function )(tx , the 
Fourier Transform )( fX  is defined as:  
dtetxfX fti∫∞
∞−
−= π2)()( = ∫∞
∞−
− dtftifttx )]2sin()2)[cos(( ππ              (4.3) 
The Inverse Fourier Transform is: 
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In most of the text books, Fourier Transform is written as: 
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where )( fX = 22 me IR +  is Fourier Amplitude and )/(tan 1 em RI−=θ  is 
phase angle. )( fX 2 is the power spectrum or spectral density.  
 The implementation of the Fourier Transform (FT) is called Discrete 
Fourier Transform (DFT). The DFT estimates the FT of a function from a 
finite number of its sampled points. Let )(nx  represent N discrete samples in 
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for =n 0,1,2,…, 1−N . 
The DFT is not efficient. The number of complex multiplications and 
additions operations required to compute all the )( fX  is proportional to 2N . 
The problem gets worse as the number of sample points (N) increases. 
However, it turns out that by changing the number of discrete data points (N) 
as a power of 2 can reduce the arithmetic operations requirement to NN 2log . 
This is the Fast Fourier transform (FFT).  Thus, if 2m-1<N<2m, then zeros 
would be appended to the end of the data set to bring the number of points to 
2m. Thus, the FFT is used. 
For illustration purpose, a stationary signal with frequencies of 10, 25, 
50 and 100 Hz at any given time is shown in Fig. 4.3(a). Its corresponding 
FFT in Fig. 4.3(b) clearly shows four peaks corresponding to frequencies of 
10, 25, 50 and 100 Hz with same Fourier amplitude at each frequency. 
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Next, a non-stationary signal (defined as a signal that has different 
frequencies at different time interval), with frequencies of 100, 50, 25 and 10 
Hz at time intervals of 0-300, 300-600, 600-800 and 800-100 ms respectively, 
is shown in Fig. 4.4(a) and its FFT in 4.4(b). Note that the Fourier amplitudes 
of higher frequency components are higher than those of the lower frequency 
ones since higher frequencies last longer (300 ms) than lower frequency 
components (200 ms). For a typical earthquake signal, the time-history and its 
FFT are shown in Fig. 4.5(a) and (b) respectively. Thus, the FFT unveils the 
predominant frequencies of the particular earthquake. Looking at the Fourier 
spectrum we can identify these frequencies; however, we cannot identify their 
temporal localization. Thus, an alternative technique of Continuous Wavelet 
Transform (CWT), which can extract information in frequency and time 
simultaneously, was explored in the next section.  
4.3.2 Method of Continuous Wavelet Transform (CWT)  
Continuous Wavelet Transform is one of the time-frequency methods 
of signal analysis. The basic idea of time-frequency analysis is to extract 
information, where the frequency content of a signal is changing in time (such 
as earthquake signals). Although time-frequency analysis had its origin almost 
50 years ago, significant advances have occurred in the past 15 years or so. 
Recently, the CWT has received considerable attention as a powerful tool for 
analyzing a variety of signals. 
CWT maps a one-dimensional signal (in time domain) into a two-
dimensional function of time and frequency, and shows how the spectral 
content of the signal changes with time. From a strict mathematical point of 
view, CWT gives a fraction of the total energy of the signal at time (t) and 
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frequency (f). However, while each signal has a unique FFT, a CWT of a 
signal is non-unique in that different time-frequency methodologies yield 
different time-frequency distributions. In other words, many different time-
frequency representations can be associated with the same data. In this 
research, the capabilities of CWT for analyzing earthquake data were 
presented. 
The earthquake signals manifest non-stationary characteristics with 
wide range of periods (from 0.1 s to hours). The seismic shaking builds up 
rapidly (from the arrival of the P wave) to a maximum value for a certain time 
and then decreases slowly until it vanishes. This character involves variations 
with time of the intensity of the ground motion. The second character of the 
seismic signals involves variations with time of the frequency content, with a 
tendency to shift to lower frequencies as time passes. This behavior is well 
known as a frequency dependent dispersive effect. This phenomenon is very 
complex and involves the arrival of the different seismic phases (P, S and 
Surface waves), the intensity of the ground motion, magnitude of the 
earthquake, source and path effects, and the local soil conditions/geometry of 
the soil layers at the recording seismic station site.  
In the last few years, the CWT has become a cutting edge technology 
in the field of signal processing. The CWT was developed by Grossmann and 
Morlet who published the first paper on wavelets in 1984 (Grossmann et al., 
1984). Since then different type of mother wavelets were developed. The 
orthogonal wavelet transform has been developed by Lemarie (Lemarie et al., 
1986). Then, Daubechies (1988) found orthogonal bases made of compactly 
supported wavelets, and Mallat (1989) designed the fast wavelet transform 
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(FWT) algorithm. Further developments were done in 1991 by Coifman, 
Meyer and Wickerhauser, who introduced wavelet packets and applied them 
to data compression (Coifman et al., 1991 and 1992; Meyer, 1991 and 1992). 
Wavelet Transform is an advancement over FFT. FFT unveils the 
predominant frequencies of the signal, but it cannot reveal the time these 
frequency components take place. It decomposes a signal into infinite length 
of sines and cosines, effectively losing all time-localization information. In 
many cases this is not a problem. But many real-world signals like the seismic 
signals are non-stationary and the applications require knowledge of when the 
frequencies occurred. 
 While CWT can extract information from signal and display it in time 
and frequency simultaneously, it is limited by so called Uncertainty Principle. 
This principle states that we cannot know exactly what frequencies occur 
when. But we can know when a certain band of frequencies occurred and it is 
also possible to make tradeoffs between time and frequency resolution. A 
continuous wavelet transform, ),( τsC  of function )(tf  is defined as the sum 
over all time of the signal multiplied by the scaled and shifted version of the 
mother wavelet (ψ ), that is: 
 ∫∞∞−= dtttfsC s )()(),( ),(* τψτ                  (4.8) 
where * denotes complex conjugation, s  denotes scaling (i.e. expansion or 
compression where s
f
1∝ ) and τ  denotes position for shifting the wavelet in 
time ( )t∝τ . Inverse wavelet transform )(tf  is given as: 
 ∫∫ ∞∞−∞∞−= dsdtsCtf s τψτ τ )(),()( ),(               (4.9) 
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The wavelets (i.e. baby wavelets) are generated from a single basic mother 
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Wavelet transforms do not have a single set of basis functions (i.e. mother 
wavelets) like the Fourier transform, which utilizes the sine and cosine 
functions. Instead, they have an infinite set of possible mother wavelets. Some 
of the commonly used mother wavelets are Morlet, Paul and Daubechies. The 
mother wavelet are designed so that the signal can be inverted (i.e. there must 
be some related transform that permits recovery of the original signal from its 
CWT). The most important property that must be satisfied by the mother 
wavelet is the “admissibility condition,” which is required for an inverse 
wavelet transform to exist. The admissibility condition simply implies that the 
integral of the mother wavelet is zero. 
 ∫ = 0)(tψ .               (4.11) 
This means that the mother wavelet has to contain oscillations both positive 
and negative amplitudes so that they cancel each other to result in zero area.  
 The Morlet mother wavelet (which was one of the earliest mother 
wavelets to be developed) is given by: 
 )(2)( 4//
2222 αππαψ −− −= eeet tit             (4.12) 
where α  is the wave shaping parameter, which can be set to obtain desired 
time-frequency shaping. One can compute directly the Fourier Transform of 
this wavelet as: 
 ).1()(ˆ 2/4/)(
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Fig. 4.6 shows the Morlet mother wavelet and its Fourier Transform. In Fig. 
4.6(a) there appear to be no oscillations, but this apparent absence is the result 
of the graph being that of the amplitude ( 22 me IR + ) of the complex wave 
form while the oscillations are contributed by the wave phase, 
)/(tan 1 em RI
−=θ . Fig. 4.6(b) shows the Fourier power spectrum (normalized) 
of the Morlet wavelet for several values of the shaping parameter α=1, 4 and 
10. The adjustable parameter α in the mother wavelet can be set at different 
values to study signals at different time and frequency resolutions.  
 Theoretically, wavelet analysis work by decomposition of the time-
domain signal by passing through low and high pass filters. Consider the non-
stationary signal in Fig. 4.7(a), which consists of four different frequency 
components of 100, 50, 25 and 10 Hz at different time intervals. Its CWT in 
Fig. 4.7(b) shows what frequency components exist at specific time interval. 
Thus, wavelet analysis not only extracts frequency components of the 
earthquake signal and but also displays the signal in frequency-time domain.  
In this study, the spectral methods (i.e. FFT and CWT) were employed 
to investigate the seismograms of tsunamigenic and non-tsunamigenic 
earthquakes. The results from the analyses are discussed in the next section.  
4.4 Results of proposed seismic signal analysis (FFT and CWT) 
methods  
 The results of the proposed spectral seismic signals analysis methods 
applied to velocity seismograms (BHZ) of 5 pairs of earthquakes (i.e. 2 pairs 
from Indonesia and 1 pair each from Taiwan, Peru and Nicaragua) are 
presented. Each pair consisted of a tsunamigenic and a non-tsunamigenic 
earthquake with similar moment magnitude, epicenter distance and tectonic 
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location so that the effects of propagation paths and receiver were same (or at 
least similar) while the source rupture characteristics were different. The 
Spectral Analysis was expected to reveal the source mechanism differences 
between the tsunamigenic and non-tsunamigenic earthquakes. 
Group A: Indonesian earthquakes:  Aceh, December 26, 2004, 
Mw=9.0~9.3 (tsunamigenic earthquake), and Nias, March 28, 2005, 
Mw=8.7 (non-tsunamigenic earthquake) 
 Fig. 4.8 shows the locations of the Aceh 2004 and Nias 2005 
earthquake in Indonesia. The 2004 Aceh earthquake occurred off the 
northwest coast of Sumatra Island. It had the fourth largest magnitude since 
1900 and generated huge tsunami (34.5 m according to NGDC/NOAA) and 
affected the whole Indian Ocean, killing over 275,000 people. The maximum 
tsunami height reported was comparable to the tsunamis from other 
earthquakes of comparable magnitude (e.g. 1964 Alaska earthquake) and also 
consistent with empirical relationships between earthquake magnitude and 
tsunami wave height (Abe, 1995). The tsunami arrived at the affected 
countries (for example, Thailand, Sri Lanka, India, etc) except Indonesia in 
more than 2 hours.  
In contrast, the 2005 Nias earthquake which occurred just 200 km 
southeast of the 2004 Aceh earthquake generated only 1 to 3 m of tsunami. 
Comparing the two earthquakes, there is an approximately seventeen-fold 
difference in tsunami wave heights but only 0.3-0.6 magnitude unit difference. 
Using the empirical relationship between maximum tsunami run-up height 
(Hmax) and moment magnitude  (Mw) proposed by Abe (1995), the magnitude 
Mw 8.7 Nias 2005 event should produce about 22 m tsunami, but it did not. 
Thus, the 2005 event was relatively far deficient in tsunami generation.  
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The two earthquakes were chosen for comparison since they occurred 
in the same Sunda Trench fault zone, and the magnitude of 2004 event was 
only slightly larger than the 2005 event. Fast Fourier Transform (FFT) and 
Continuous Wavelet Transform (CWT) were applied on the time series data of 
both the tsunamigenic and non-tsunamigenic earthquakes. 
 The time history data and FFT results of Aceh and Nias earthquakes 
recorded at seismic station COCO (at epicenter distance r ≈ 15o) were 
compared in Fig. 4.9(a) and (b). Both the data showed some clipping at this 
station. Although the distinction is not so clear cut, it can be seen that the non-
tsunamigenic earthquake (2005 event) has higher amplitude at around 0.15-0.3 
Hz compared to the tsunamigenic earthquake (2004 event) as shown in Fig. 
4.9 (c). The higher amplitude of the tsunamigenic earthquake seems to 
concentrate in the low frequency range.  
Continuous Wavelet Transform (CWT) was performed on time history 
data in Fig. 4.9 (a) and (b) and results are shown in Fig. 4.10(a) and (b) for 
Aceh and Nias earthquakes, respectively. Color intensity indicates the 
coefficient magnitude in units of decibel, where decibel, dB 
= )log(10 22 me IR + .  The CWT results clearly showed that the non-
tsunamigenic earthquake has some high amplitude component at higher 
frequency (f≥ 0.15 Hz) which is absent in the tsunamigenic earthquake. With 
the CWT it can be seen that this high frequency component marks the 
beginning of the arrival of surface wave for Nias 2005 event.   
 For the two same earthquakes, the time history of Aceh 2004 at PALK 
and Nias 2005 at DGAR were compared in Fig. 4.11. The records were 
compared at two different stations because either of the stations did not have 
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the data of both the earthquakes. Again, the FFT revealed that Aceh 2004 is 
depleted at high frequency (f>0.1 Hz) energy compared to the Nias 2005 event 
as shown in Fig. 4.11(c).  
Again the two earthquakes at station PSI located just 300 km away 
were compared as shown in Fig. 4.12(a) and (b). The results at this nearby 
station also indicate that Nias 2005 earthquake is slightly more efficient that 
Aceh 2004 event at emitting high frequency radiations in spite of its smaller 
size. The CWT also showed that significant seismic radiation at frequencies 
greater than 0.1 Hz for Nias event compared to Aceh event as shown in Fig. 
4.13(b).  
Group B: Java, July 17, 2006, Mw=7.7 (tsunamigenic earthquake), and 
South Sumatra, June 4, 2000, Mw=7.9 (non-tsunamigenic earthquake) 
The Java 2006 earthquake occurred 230 km northeast of Christmas 
Island (Fig. 4.14) in the Indian Ocean. It caused a locally destructive tsunami 
of 10 m that attacked the shore in 1 hour after the earthquake and killed more 
than 700 people (USGS). This earthquake occurred as a result of thrust-
faulting between the Australia plate and the Sunda plate. It has a shallow near-
trench (just 50 km away from Java Trench) hypocenter as evident from the 
early aftershocks. Most local residents did not feel the earthquake shaking. 
 On the other hand, the shaking from 2000 earthquake (Mw 7.9), which 
occurred near the Megawati fault on southern coast of Sumatra was widely 
felt.  It caused more than 100 people dead and several hundreds injured from 
its shaking. The earthquake was also felt in Singapore and Kuala Lumpur, 
Malaysia. But it did not cause any tsunami, although it also occurred in the 
sea. 
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 The velocity seismograms and their FFT of the Java 2006 and 2000 
Megawati events recorded at station CHTO are shown in Fig. 4.15. The 
tsunamigenic earthquake of Java 2006 is depleted at high frequency energy 
(f>0.1 Hz) compared to the non-tsunamigenic earthquake of 2000 Megawati. 
The CWT of the two earthquakes in Fig. 4.16 shows that Java 2006 is depleted 
in high frequency energy compared to the 2000 event.  
Group C: Taiwan earthquakes: December 26, 2006, Mw=7.1 
(tsunamigenic earthquake), and March 21, 2002, Mw=7.1 (non-
tsunamigenic earthquake) 
 Significant tsunamigenic earthquakes in South China Sea were quite 
rare in the recent history. However, the earthquake of December 26, 2006 
(Mw7.1), which occurred on the southwestern part of Taiwan at boundary 
between the Eurasian plate and the Philippine Sea plate caused some minor 
tsunami. Japan Meteorological Agency (JMA) reported 1 m of tsunami (which 
was detected heading for the east coast of the Philippines with Basco, province 
of Batanes, Philippines in its likely path) following this earthquake. On the 
other hand, the thrust earthquake of March 31, 2002 (Mw7.1) that occurred off 
the north-east shore of Taiwan at the same fault zone did not generate any 
tsunami.  These two earthquakes were chosen for comparative study because 
they have same magnitude and occurred in the same tectonic zone. The 
location of the earthquakes and the stations are shown in Fig. 4.17.  
 The time history data of both the earthquakes collected at station QIZ 
were compared in Fig. 4.18(a) and (b) with the combined FFT in Fig. 4.18(c). 
It can be clearly seen that the non-tsunamigenic event (green line) in March 
2002 has high normalized amplitude at high frequency between 0.15 Hz and 
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0.3 Hz while the normalized amplitude of tsunamigenic earthquake in 
December 2006 (blue line) was low in this frequency range.  
 Fig. 4.19 showed the CWT of the time history shown in Fig. 4.17(a) 
and (b). With the wavelet analysis, it was observed that some high frequency 
components (with f>0.15 Hz) present in the non-tsunamigenic earthquake are 
absent in the tsunamigenic earthquake. Furthermore, this high frequency 
component, occurring in the time of 200-400 seconds, is mainly associated 
with the surface wave portion of the seismogram.  
 For the same earthquakes, the time history data collected at station 
KMI were shown in Fig. 4.20. FFT of the data clearly showed the non-
tsunamigenic earthquake is rich in high frequency amplitude in the 0.15 Hz to 
0.3 Hz range while the tsunamigenic earthquake is depleted in high frequency 
amplitude in the same range. The wavelet analysis in Fig. 4.21 also showed 
high frequency amplitudes for non-tsunamigenic earthquake but missing in the 
tsunamigenic earthquake. 
Group D: Peruvian earthquakes: Chimbote, February 21, 1996, Mw=7.5 
(tsunamigenic earthquake), and Nazca, November 12, 1996, Mw=7.7 (non-
tsunamigenic earthquake) 
 Two earthquakes in Peru with one tsunamigenic and other non-
tsunamigenic were compared (Fig. 4.22). The Chimbote 1996 earthquake is a 
large tsunamigenic earthquake that occurred along the Peru-Chile trench, 
where Nazca plate is subducting beneath the South American continent. 
Approximately 1 hour after the main shock, a damaging tsunami reached the 
Peruvian coast. Survey measurements showed that maximum run-up height 
exceeded 5 m and maximum inundation distance exceeded 500 m (Bourgeois 
et al. 1999). The fault rupture speed was reported as moderately slow which 
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suggest that it occurred within the compacted sediments in the tectonic margin 
region (Newman et al., 1996). Perhaps it was this reason that the ground 
motions were not strongly felt. Most of the local residents reported that they 
did not feel the ground motions of the earthquake. The surface wave 
magnitude was recorded as Ms 6.7 (USGS). Most of the damage was caused 
by the tsunami that extended 590 km of the coastal area.  The tsunami killed 
12, injured 54 and damaged 37 homes and 25 boats. This event fit the 
description of a tsunami earthquake as defined by Kanamori (1972).  
 In contrast the 1996 Nazca earthquake with slightly greater moment 
magnitude (Mw 7.7) and which occurred 750 km southeast of the Chimbote 
1996 event did not cause any tsunami. Official damage reported that the 
earthquake shaking killed 14 persons, injured 625 and destroyed 4,000 houses 
completely and 11,000 partially (75% of the houses were made of adobe), 
damaged 91 schools and 100 health centers in the epicenter area (USGS). 
However, no significant tsunami was generated despite its large magnitude 
and location in the deep sea.  
 The two Peruvian earthquakes occurred in the same tectonic region 
with comparable moment magnitudes but different results with respect to 
earthquake shaking and tsunami generation. The two earthquakes recorded at 
station NNA just 400 km away were compared in Fig. 4.23. The FFT results in 
Fig. 4.23(c) showed that tsunamigenic earthquake (Chimbote 1996) show 
high-frequency (f>0.05) energy deficiency compared to the non-tsunamigenic 
event (Nazca 1996). This high-frequency energy deficiency of the tsunamigeic 
event is also clearly shown by the CWT analysis in Fig.4.24.  
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 For these two earthquakes, the seismic records at the stations BOCO 
and LCOL (located at about 15o away) were compared as shown in Fig.4.25 
(a) and (b). In Fig. 4.25(c), FFT results were compared. Higher amplitude at 
0.15-0.3 Hz for the non-tsunamigenic earthquake in Nazca (green line) as 
compared to the tsunamigenic earthquake in Chimbote (blue line) was clearly 
observed. Again, the result was consistent with the records from station NNA. 
The CWT of the two earthquakes in Fig, 4.26 showed that the high-frequency 
energy in the non-tsunamigenic earthquake is contained in the surface wave 
(at 230 to 480 s after the earthquake origin time).  
Group E: Nicaraguan earthquakes: September 2, 1992, Mw=7.2 
(tsunamigenic earthquake), and April 3, 1990, Mw=7.0 (non-tsunamigenic 
earthquake) 
 The tsunami earthquake of September 2, 992 was compared against the 
non-tsunamigenic earthquake of April 3, 1990 in Nicaragua (Fig. 4.27). The 
1992 Nicaragua earthquake was a major tsunami earthquake occurring about 
120 km southwest of the city of Managua, off the Pacific coast of Nicaragua. 
The main earthquake was followed by several strong aftershocks. A 
significant tsunami with a maximum run-up height of 10 m killed about 170 
people on the Nicaraguan coast. But the earthquake was not felt by the beach 
communities which were destroyed by the wave 40 minutes later (USGS). 
 As a comparison, April 3, 1990 earthquake was a non-tsunamigenic 
earthquake. It also occurred near the coast of Nicaragua. Its moment 
magnitude Mw 7.0 is comparable to the earthquake in 1992. But it did not 
generate any tsunami. 
 The velocity seismograms of the two Nicaraguan earthquakes recorded 
at station NNA were compared in Fig. 4.28. FFT from the time history data of 
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the two earthquakes showed higher amplitude in the 0.15-0.35 Hz range for 
the non-tsunamigenic earthquake (green line). The result was consistent with 
all the earthquakes analyzed in this study. The CWT results in Fig.4.29 also 
support the finding of higher frequency energy in the non-tsunamigenic events 
compared to the tsunamigenic events.  
 For the two Nicaragua earthquakes, the seismic signals recorded at 
station WFM were shown in Fig. 4.30(a) and (b). From Fig. 4.30(c), FFT of 
the time history data for the two Nicaragua earthquakes indicated higher 
amplitude in the high frequency region (0.13-0.4 Hz) for non-tsunamigenic 
earthquake as compared to the tsunamigenic earthquake (blue line). The high 
amplitude of the tsunamigenic earthquakes seem to concentrate in the low 
frequency range only.  
4.5 Relating mechanism for tsunamigenesis to proposed analyses 
methods 
From the spectral analyses (FFT and CWT) of the earthquakes it was 
discovered that the tsunamigenic earthquakes are deficient in high frequency 
(f>0.1) radiated seismic waves. Wavelet analysis results indicated that this 
deficiency was in the surface waves. This low frequency nature of the 
tsunamigenic earthquake can be explained by their large slip and slow rupture 
speed. In Fig. 4.31, the average slips (Δ) associated with many subduction 
zone earthquakes around the world are plotted against their earthquake 
magnitudes (Mw). The average slip during rupture for tsunamigenic 
earthquake is larger than that for non-tsunamigenic earthquake of the same 
magnitude. This large rupture will have to take place over a longer duration. 
Vidale et al. (1993) measured the rupture duration of 130 large ordinary 
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earthquakes and found that the rupture duration averaged only about 11 
seconds. In contrast to this, the rupture duration for tsunamigenic earthquakes 
(which occur at the subduction zone) lasted much longer exceeding over a 
minute.  
The rupture duration of the 2004 Aceh tsunamigenic earthquake was 
determined from the analysis of far-field high frequency (2-4Hz) body waves 
to be about 500 s. Comparing the velocity envelope of the main shock with the 
smaller aftershocks showed that the amplitude and duration of the main shock 
was much larger (Ni, et al., 2005) as shown in Fig. 4.32. This high frequency 
radiation reflects the propagation of rupture front so it alone cannot determine 
the slip distribution. The slip distribution must be determined from the long-
period surface waves and normal modes. The rupture duration obtained from 
analysis of high frequency radiation and slip distribution obtained from the 
analysis of low frequency radiation correspond well with the actual size of the 
earthquake determined from the geological indicators by the field observations 
(Ni, et al., 2005). The long duration of rupture (τr ≈ 500 s for 2004 event) 
explains the high frequency energy depletion while large slip ( ≈Δ 30 m) 
explains the presence of abundance of low frequency energy associated with 
tsunamigenic earthquakes.  Thus, in summary the long duration of rupture 
propagation and large slip can explain why tsunamigenic earthquakes depleted 
in high frequency energy but are rich in low frequency energy.  









μη 2 , determined from radiated seismic energy to moment ratios 
( MoER / ), static stress drop Δσ and shear modulus μ of a number of sizable 
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earthquake were plotted against ratio of rupture speed to shear wave speed 
( β/rv ) in Fig. 4.33. For most earthquakes, the rupture speed is approximately 
45 to 90% of the shear wave speed. But for tsunamigenic earthquakes, the 
rupture speed is only about 30 to 60% of the shear wave speed, which is 
consistent with slow rupture discussed earlier. For tsunamigenic earthquakes, 
the radiation efficiency Rη is small ( Rη <0.3) indicating that rupture process of 
these earthquakes involves more dissipative processes (i.e. larger fracture 
energy GE ) than the non-tsunamigenic earthquakes (0.3< Rη <0.8). One 
interpretation of the low radiation efficiency in tsunamigenic earthquakes is 
that most tsunamigenic earthquakes involve rupture in soft deformable 
sediments and a large amount of energy is lost in this process (Kanamori et al., 
2001). 
The shallow trench also plays an important role in tsunami generation. 
Shallow trenches in the subduction zones are primary sources of tsunamis. In 
fact 90% of all tsunamis occur along the subduction interface (Helmholtz 
Association of German Research Center, 2008). One argument for processes 
that allow shallow trench subduction zone seismogenesis is explained in Fig. 
4.34. When the oceanic plate subducts, the interface heats through contact 
with the overriding plate by frictional heating such that at 10-20 km depth, 
when the plate interface heats beyond ~100-150oC, brittle failure can occur, 
thus allowing stick-slip rupture behavior. A later transition back to stable 
sliding occurs down-dip, about 40-50 km depth, due to further increased 
temperatures or contact with the mantle wedge, but is not important for 
tsunamigenesis. Though this description works well for most subduction 
interface events, it is clear that at times earthquakes occur well above this 
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100oC isotherm at even shallower focal depths. In fact, when these 
earthquakes do not obey this “updip limit” of 100-150 oC, they become much 
more likely to generate tsunamis because of geometry and reduced rupture 
velocity (Newman, 2002).  
Earthquake radiated energy ( RE ) calculated from body waves is 
plotted against seismic moment (Mo) for large shallow global earthquakes in 
Fig. 4.35 (Newman et al, 1998). While the March 2005 event (Mw 8.7) does 
not appear to be deficient in high frequency energy, the December 2004 event 
(Mw 9.0~9.3) appear to be somewhat deficient to very deficient, depending on 
the duration of data used for the earthquake energy calculation and seismic 
moment estimate. The 2006 Java (Mw 7.7) event clearly clusters with other 
known tsunamigenic earthquakes (e.g. 1992 Nicaragua and 1996 Peru 
earthquakes). 
Tsunami earthquakes are defined as events that because of their slow 
rupture speed do not effectively radiate seismic energy but do actively excite 
tsunami waves (Kanamori, 1972). At this point, not much is known about the 
mechanical processes that allow rupture to proceed at such slow speeds, 
however there is mounting evidence that there is a significant decrease in 
rigidity (μ) in and around the seismogenic updip limit, possibly allowing for 
slower ruptures (Bilek et al., 1999). Currently, it is not understood if the 
decrease in rigidity is controlled by subducted sediments or if other factors 
like fluid flow play a significant role. For some of these earthquakes the 
rupture upward through the normally active up-dip limit, all the way to the sea 
floor, may contribute further to the generation of tsunami waves. 
Understanding why some earthquakes occasionally rupture through this 
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normally aseismic region is an important question and may relate to rate- and 
state-variable friction.  
 The depletion of high frequency energy for tsunamigenic earthquake 
may also be due to slower rupture speed taking place in shallow less rigid 
rocks. For instance, Seno et al. (2007) inferred that the 2004 earthquake 
ruptured at typical rupture speeds in the south (2.5 km/s) but slowed towards 
the north (0.7 km/s) along the near trench region. They showed that the 2004 
earthquake had some components of a “tsunami earthquake,” especially a long 
duration and some moment release in the very shallow, near-trench region. 
Recently, Choy et al. (2007) also reported that in the case of 2004 event, the 
second half of the rupture radiated less high-frequency energy than the first 
half of the rupture from comparisons of the corrected source spectra of various 
analysis window durations. On the other hand, Konca et al. (2007) performed 
a joint inversion of seismic and geodetic observations for the 2005 earthquake. 
They reported that this event had two distinct slip patches beneath Nias and 
Simeulue Islands, with a gap in between that corresponds to geologic features 
in the forearc. Based on this joint data inversion, they reported that slip did not 
extend the entire fault width up to the trench and they suggested average 
rupture velocity of 1.5–2.5 km/s. Thus, the frequency content analysis method 
may have captured the intricacy of slip pattern and rupture at the earthquake 
source. 
 Slower fault slip near trench can enhance tsunami excitation by several 
potential methods. Firstly, the earthquake rupture speed is relatively closer to 
tsunami wave speed, thus putting more energy in tsunami generation due to 
constructive coupling effect of the water body and seafloor motion. Secondly, 
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the enhanced earthquake slip due to conservation of rupture energy may occur 
because of the reduced volume of slip at shallow level during the upward 
propagation of rupture into the margin wedge (similar to tsunami run-up near 
shore). Thirdly, there is increased slip due to elastic resistance to rupture in 
shallow region with thickness of the overriding plate going to zero at trench. 
4.6 Discussions and conclusions on frequency analyses 
  In this study, the spectral methods (FFT & CWT) were applied to five 
pairs of earthquakes with each pair containing a tsunamigenic and a non-
tsunamigenic event with similar magnitude, epicenter distance and tectonic 
zone recorded at regional (r<30o) to near-regional distance. Through 
comparisons, it was found that the tsunamigenic earthquakes exhibit a 
deficiency in radiated seismic energy at high-frequency (f>0.1Hz). This has 
implications for seismic tsunami warning method, which uses short period 
magnitudes (for example Ms and Mb) to infer tsunami. The high-frequency 
deficiency of tsunamigenic earthquakes readily supports the proposed theory 
of an exceedingly long rupture duration and slow rupture velocity for 
tsunamigenic events.  
 Two processes are involved during the earthquake rupture process: the 
rupture front propagation, and the slip on the rupture surface. The rupture front 
propagation is reflected in the high frequency (>2 Hz) radiation pattern (of P 
waves) while the slip is reflected in the long period (~150 s) radiation of 
surface waves (Ni, et al., 2005). The tsunamigenic earthquakes may have long 
rupture duration with large slip. The long rupture duration implies slow 
rupture (for a constant rupture length), which radiates lesser high frequency 
wave compared to the fast rupture. This may explain why tsunamigenic 
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earthquakes are depleted in high frequency energy. The other important 
feature of the tsunamigenic earthquakes is the large amount of slip associated 
with them. Slip takes place along the fault plane as the rupture progresses. 
Average slip rate for the whole earthquake event is generally few orders of 
magnitude smaller than rupture speed, and it is well reflected in the low 
frequency (long period) radiation. Thus, tsunamigenic earthquake being 
associated with extended slip over a large ruptured area (i.e. slow-slip), show 
enhanced excitation at low frequency. This enhanced excitation has been 
reported to be responsible for large tsunami (Kanamori, 2007).  
The proposed spectral methods could successfully extract the slow 
rupture and large slip phenomenon (associated with the tsunamigenic 
earthquakes) from the seismic signals. It  could be deduced that the 
tsunamigenic earthquakes are relatively deficient at high frequencies (f>0.1) 
seismic wave radiations because they  occur near the trench (compared to non-
tsunamigenic earthquakes which occur away from trench), where the rocks are 
soften by years of shearing activity. The proposed spectral methods provide 
additional information on the earthquake source for a better tsunami 
prediction. The application of the spectral methods described here is straight 
forward and could become a valuable contribution to real-time tsunami 
warning decision.  
































12/26/2004 00:58:53 361 Aceh, Indonesia  3.310 95.850 8.0 8.7 9.2 30 Tsunami 34.5 
A 
3/28/2005 16:09:36 087 Nias, Indonesia 2.080 97.100 7.0 8.4 8.6 30 No tsunami 1-2.0 
7/17/2006 08:19:26 198 Java, Indonesia -9.283 107.419  7.0 7.7 20 Tsunami 10.0 
B 
6/4/2000 16:28:26 156 South Sumatra -4.721 102.087   7.9 33 No tsunami   
12/26/2006 12:26:21 360 Southwest  of Taiwan 21.825 120.538   7.1 10 Tsunami 1.0 
C 
3/31/2002 06:52:50 080 Northeast of Taiwan 24.406 122.210 6.8  7.1 37 No tsunami  
2/21/1996 12:51:01 052 Chimbote, Peru -9.690 -79.800  6.0 7.0 7.5 10 Tsunami 5.0 
D 
11/12/1996 16:59:44 317 Nazca, Peru 
-
15.050 -75.660  6.5 7.3 7.7 33 No tsunami 
0.4 
 
9/2/1992 00:16:01 246 Nicaragua 11.750 -87.400  5.0 7.0 7.2 45 Tsunami 10.0 
E 















Figure 4.1. Current Global Seismic Network (GSN) stations (red stars), sites planned for 
completion in the coming years (red-white stars), and affiliate arrays (orange stars).  FDSN 
stations are also shown (purple). Many GSN stations are cooperative with other networks, 
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(a) Time history of a stationary signal x(t) with sampling frequency of 1000 Hz given 

























(a) Time history of a signal with 100 Hz (0-300 ms), 50 Hz (300-600 ms), 25 Hz 










(b) FFT of the time history with higher amplitudes for longer duration signals of 50 












Figure 4.4. An example of a non-stationary signal: (a) time history, and (b) its FFT. 
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Figure 4.6. The Morlet wavelet and its power spectrum: (a) Amplitude (i.e. 22 me IR +  ) of 
the complex Morlet wavelet in time domain and (b) Fourier power spectrum (normalized) of 
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(a) Time history with frequencies of 100 Hz (0-300 ms), 50 Hz (300-600 ms), 25 



































Figure 4.7. An example of a non-stationary signal: (a) time history, and (b) its CWT. 
 






























































































Figure 4.8. Aceh 2004 and Nias 2005 earthquakes and recording stations COCO, PALK, 


























































































Figure 4.9. (a) and (b) The normalized time history data of seismic signals received in the two 
Sumatra earthquakes recorded at the station COCO. (c) Comparison of normalized FFT of the 



























Figure 4.10. Wavelet transforms of Sumatran earthquakes recorded at station COCO 
Aceh 2004 
Nias 2005 




























Figure 4.11. (a) and (b) The normalized time history data of seismic signals received in the 
two Sumatra earthquakes recorded at the station PALK and DGAR. (c) Comparison of 
normalized FFT of the time history data of the two Sumatra earthquakes 































Figure 4.12. (a) and (b) The normalized time history data of seismic signals of Aceh 2004 and 






















Figure 4.13. Wavelet transforms of Aceh 2004 and Nias 2005 earthquake recorded at nearby 

























































































a) Aceh 2004 (at PSI) – With tsunami b) Nias 2005 (at PSI) – No tsunami 

























 Aceh 2004 at PSI 
 Nias 2005 at PSI




















































c) FFT of Aceh 2004 and Nias 2005 (at PSI)





























































































































Figure 4.15(a) and (b). The normalized time history data of seismic signals of Java 2006 and S. 
Sumatra  2000 at the station CHTO. (c) Comparison of normalized FFT of the time history 

























































































































a) Java 2006 (at CHTO) – With tsunami b) S. Sumatra 2000 (at CHTO) – No tsunami 
























b) June 2000 S. Sumatra (at CHTO) 
























a) July 2006 Java (at CHTO) 
a) June 2000 S. Sumatra (at CHTO) 











 June 4, 2000, S. Sumatra at CHTO 













Java 2006 – With tsunami 
S. Sumatra 2000 – No tsunami 


































Figure 4.17. Taiwan earthquakes and their recording seismic stations QIZ and KMI. Stars 







































































Figure 4.18. (a) and (b) The normalized time history data of seismic signals received in the 
Taiwan earthquakes recorded at the station QIZ. (c) Comparison of normalized FFT of the 









































































Figure 4.20. (a) and (b) The normalized time history data of seismic signals received in the 
Taiwan earthquakes recorded at the station KMI. (c) Comparison of normalized FFT of the 


























Figure 4.21. Wavelet transform of the time history of Taiwan earthquakes recorded at the 
station KMI. 




































Figure 4.22. Peru earthquakes and recording stations, NNA, LCOL and BOCO. Stars denote 





















































Figure 4.23. (a) & (b). The normalized time history data of seismic signals received in 
Chimbote and Nazca earthquakes recorded at the Station NNA (at 400 km away). (c) 
























Figure 4.24. Wavelet transform of the time history of Peru earthquakes recorded at the station 
NNA (at 400 km away). 









































































































 Chimbote 1996 at NNA



























































a) Chimbote 1996 (at NNA)
b) Nazca 1996 (at NNA)
c) FFT of Chimbote 1996 and Nazca 1996 (at NNA)
Nazca 1996 - No tsunami
Chimbote 1996- 
With tsunami















Figure 4.25. (a) & (b). The normalized time history data of seismic signals received in 
Chimbote and Nazca earthquakes recorded at the Stations BOCO and LCOL. (c) Comparison 



















Figure 4.26. Continuous wavelet time-frequency spectrum: (a) February 26, 1996 Peru 












































































































c)  FFT of Peru Chimbote (at BOCO) & Nazca (at LCOL)












Peru Chimbote at BOCO  (Blue)













a)  Peru Chimbote (at BOCO)

























b)  Peru Nazca (at LCOL)












Nazca 1996 - No tsunami 
Chimbote 1996 - With tsunami 



























Figure 4.27. Nicaragua earthquakes and recording stations, NNA and WFM. Stars denote 

















































































Figure 4.28(a) & (b). The normalized time history data of seismic signals received in the two 
Nicaragua earthquakes recorded at the Station NNA. (c) Comparison of normalized FFT of the 





















Figure 4.29. Continuous wavelet time-frequency spectrum: (a) September 2, 1992 Nicaragua 






































































































c)  FFT of Nicaragua 1992 & Nicaragua 1990 (at NNA)












Nicaragua 1992 at NNA  (Blue)














b)  Nicaragua 1990 (at NNA)

























a)  Nicaragua 1992 (at NNA)












Nicaragua 1990 – No tsunami  
Nicaragua 1992 – With tsunami 




























Figure 4.30(a) & (b). The normalized time history data of seismic signals received in the two 
Nicaragua earthquakes at the Station WFM. (c) Comparison of normalized FFT of the time 

















a)  Nicaragua 1992 (at WFM)
























b)  Nicaragua 1990 (at WFM)

























c)  FFT of Nicaragua 1992 & Nicaragua 1990 (at WFM)












Nicaragua 1992 at WFM  (Blue)
Nicaragua 1990 at WFM  (Green)
Nicaragua 1990 – No tsunami  
Nicaragua 1992 – With tsunami 





















Figure 4.31. Average slip (Δ) versus moment magnitude (Mw) of tsunamigenic and non-











Figure 4.32. Enveloped high frequency seismogram (obtained by band-pass filtering with 
corner frequencies of 2 and 4 Hz on the velocity seismogram) comparing the smaller 
aftershocks with the main shock of 26 December 2004 earthquake (Ni et al., 2005). The main 





























































































Figure 4.33. Radiation efficiencies versus ratio of rupture speed to shear wave speed (adopted 

























Figure 4.34. A comparison of locally detected microseismicity defining the “updip” limit in 
Nicoya Peninsula, Costa Rica (Newman et al., 2002), and interface locking as determined by 
GPS for the same period (Norabuena et al.,1998, 2004). The region of strong locking in the 
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Figure 4.35. Comparison of radiated energy, ER calculated from body wave to seismic 
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Chapter 5 
Advancement of Tsunami Prediction 
through Empirical Mode Decomposition 
(EMD) 
 
5.1 Introduction   
Tsunami warning continues to be a hit or miss proposition at the present 
time with large proportion of the warnings issued by Pacific Tsunami Warning 
Center (PTWC) that may not be realized (Bernard, 1998). For tsunami warning, 
the earthquake magnitude and location alone are clearly not enough, especially for 
so called tsunami earthquakes (Kanamori, 1972) that produce tsunami larger than 
expected from the high frequency content of the seismic signal of the earthquake. 
Additional information on the earthquake source and seismic signals may help to 
reveal the tsunamigenic nature. The mechanism of tsunami earthquake was 
explained by Kanamori  in 1972. He studied 5 to 100 s period seismic waves of 
two earthquakes (Aleutian 1946, Mw 8.3 and Sanriku 1896, Mw 8.4) and reported 
that observed seismic amplitude spectra could be better fitted with dislocation 
function having longer source time constant for tsunami earthquakes. Brune et al. 
(1969) also pointed out that the effective moment evaluated at long period seismic 
signals (i.e. 100 s) was significantly larger compared with that determined at 20 s 
for the Aleutian 1946 earthquake. But broadband long-period seismograms 
became available on in the 1980s so there were some uncertainties in the 
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magnitude values used (perhaps, measured from seismograms of lower quality 
than what is available today) in those studies. 
However, the 1992 Nicaraguan earthquake, which was measured with 
sensitive broadband instruments, offered clearer evidence that tsunami earthquake 
stems from a "slow-slip" motion, which is enriched in long-period seismic signals 
(Kanamori et al., 1993). Based on 20 s short-period seismic signals, the 1992 
Nicaraguan earthquake was evaluated to have a magnitude Ms 7.0. However, by 
using long-period waves (~250 s), the magnitude was evaluated at Mw 7.6. 
Kanamori (1993) reported that the slow-slip associated with this earthquake might 
have masked its true size. He, thus, suggested that the slow-slip movement is a 
consequence of an oceanic plate lubricated  by soft ocean sediments sliding under 
an adjoining plate relatively slowly. The slow-slip produce a seismic spectrum 
rich in long-period waves, which might be responsible for tsunami excitation. 
Slow rupture may also cause release of very little energy into high frequency 
content of the seismic signals. Therefore, the challenge is to develop techniques 
that can be used to differentiate the tsunami earthquakes from the non-tsunami 
earthquakes based on the frequency content of the seismic signals.  
Traditionally, the dominant periods in the seismogram is extracted from 
the seismograms by using several band-pass filters. Such results are affected by 
the width of the band-pass filter used. For example, if larger widths are used, the 
filtered seismogram might be more complex and the resolution of the amplitudes 
will be decreased.  Therefore, this chapter presents an application of a relatively 
recent signal analysis technique to seismograms of large earthquakes with the 
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purpose of discriminating the tsunami earthquakes. In this chapter, the method of 
Empirical Mode Decomposition (EMD) was used to decompose the seismograms 
into different frequency components to extract earthquake’s source characteristics 
that could be used to differentiate tsunami earthquake from non-tsunami 
earthquake. The potentials of the EMD, which was developed for analyzing non-
stationary signals (like earthquake) in the context of the tsunami early warning 
has not been explored till this day.  
EMD can be used as an alternative tool for earthquake data analysis. This 
method may be able to shed light on the hidden information in the seismic records 
and reveal the tsunamigenic nature inherent in some earthquakes that have caused 
significant tsunamis. Indeed, a recent study by Zhang et al. (2003) showed that the 
Intrinsic Mode Function (IMF) components produced by EMD contain important 
information of the earthquake source rupture mechanism that might be missed by 
conventional approaches for analyzing earthquake seismograms. But its 
application to determine tsunamigenesis has never been tried before. Therefore, 
although the idea of EMD is not new, its application for tsunami detection is 
novel.  
With the broadband seismic data (which are sensitive to long-period 
seismic waves), it is possible to examine and analyze the periods and patterns of 
the unaltered seismic signal to understand earthquake source characteristics more 
accurately. Long period seismic waveforms are well suited for the analysis of 
large earthquake that often cause tsunamis. The amplitude of the long period 
seismic wave is proportional to seismic moment (Mo), which in turn is 
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proportional to tsunami wave height (Abe, 1995). In fact, using measurements of 
the long-period seismic waves, seismic moment (Mo) is computed.  
By careful examination and analysis of the seismic signals,  it might be 
able to extract some important feature of the earthquakes which could improve 
our understanding of the tsunami earthquakes. This could then enhance our 
predictive capability of the tsunami and hence, provide the early tsunami warning 
of tsunami occurrence. Therefore, the objective of this study is to search for 
useful source information on a tsunami earthquake that sets it apart from ordinary 
earthquake (that does not produce tsunami), through the use of an additional 
signal processing methods. Here the method of Empirical Mode Decomposition 
(EMD) is used to decompose the seismic signal into several components with the 
aim of enhancing the interpretive value of the seismograms and then analyzed. 
This chapter presents the result of the EMD analysis on the instrument-corrected 
displacement seismograms (BHZ component) of two recent earthquakes (i.e. one 
tsunamigenic and the other non-tsunamigenic) along Sunda Arc in Indonesia.  
5.2 Seismic data  
A comparative study is made for the two recent earthquakes of July 17, 
2006 (Mw 7.7) and November 2, 2002 (Mw 7.5) located along Sunda Arc. The 
first one caused maximum tsunami wave height of 10 m (according to NGDC/ 
NOAA) while the other one did not generate any tsunami although they both 
occurred in sea at shallow focal depths. Basic information on the two earthquakes 
is given in Table 5.1 and Fig. 5.1. The epicenters of the two earthquakes and 
stations used in this study are shown in Fig. 5.2. The broadband displacement 
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seismograms (BHZ channel) of two earthquakes recorded at five GSN stations (at 
about r≈52o) are used in the analysis. 
Many different values of magnitude were reported for the Java 2006 
earthquake using different types of magnitude determination methods. Locally, 
the Indonesia Meteorological and Geophysical Agency (BMG) reported a 
magnitude Mb 6.8 determined from short-period seismic waves.  USGS 
announced immediately after the event that the magnitudes for this event were Mb 
6.1 from 1 to 2 s teleseismic P waves and Mw 7.2 determined from 5 to 100 s 
teleseismic body waves. Later, a moment magnitude of Mw 7.7 was determined 
by Harvard University using 150 s surface waves. The large increase of the 
magnitude estimates as a function of period shows that there was proportionately 
less amounts of high frequency energy generated by this earthquake. 
The Java 2006 was a thrust earthquake and it occurred 180 km off the 
coast off Java Island and 50 km away from the Sunda Trench. This event was 
followed by a large and destructive tsunami with a local run-up height of about 10 
m (NGDC/NOAA), hitting the coast of Java in about an hour killing more than 
700 people (Mori et al., 2007; NGDC). Based on its unusual tsunami wave 
excitation, which is disproportionably much larger than expected from its short-
period magnitude, the 2006 Java earthquake has been classified as a slow tsunami 
earthquake (Ammon et al., 2006; Mori et al., 2007). Later investigations also 
suggest that the exceptional tsunami that followed this earthquake was due to the 
seismic source process itself, similar to the 1992 Nicaragua tsunami earthquake 
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(Polet et al., 2003). The Java 2006 caused large tsunami but only weak ground 
shaking.  
In contrast, the November 2002 earthquake which occurred near the island 
of Simeulue, 120 km off the coast of Sumatra caused strong ground shaking 
(damaging buildings) but very small local tsunami. The earthquake had a 
preliminary magnitude of Ms 7.6 (from surface waves). Despite its large size and 
location in under water, it did not generate any significant tsunami. However, it 
caused tremors to several cities even in Malaysian Peninsular such as Penang (523 
km away) and Kuala Lumpur (600 km away). The tremor had caused panic 
among residents of high-rise buildings in Penang and thousands running out of 
their buildings. This earthquake was caused by a thrust faulting on the boundary 
between the Australia and Sunda plates. It was located between the 2004 Aceh 
(Mw 9.0-9.3) and 2005 Nias (Mw 8.6-8.7) megathrust earthquakes.  
The Java 2006 (Mw 7.7) and Sumatra 2002 earthquake (Mw 7.5) make 
interesting and exciting comparison in terms of their source characteristics. Both 
of these two earthquakes are thrust earthquakes with similar magnitudes and they 
occurred in deep sea. One caused huge tsunami but weak ground shaking while 
the other caused very little tsunami but intense shaking. Thus, the seismic signals 
of these two earthquakes are examined by method of EMD that offers possibility 
to study the seismic energy content in different periods radiated from the 
earthquake. This could provide important information on the tsunamigenesis of 
earthquakes.   
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5.3 Method of Empirical Mode Decomposition (EMD) 
The EMD, which is a new and powerful signal-processing technique 
developed in the late 1990s, was used in this study. The EMD breaks down a 
discrete time-series signal into intrinsic mode functions (IMFs) with different 
frequency components in decreasing order: higher frequency components 
occurring first. The IMFs reveal the different mechanisms present in the original 
signal. The Fourier Transform was performed on the IMF components. The 
strength of the EMD is its use of an adaptive basis, which means that the 
definition of the basis is data-dependent, a posteriori-defined basis. This has 
advantages over Fourier and Wavelet Transforms, which use pre-defined basis 
functions. Useful insights about the underlying mechanisms of the phenomenon 
studied can be revealed by the EMD.   
 The steps in the Empirical Mode Decomposition (EMD) are summarized 
from Huang et al. (1998, 1999). The EMD builds on the assumption that any 
signal consists of different, simple, intrinsic modes of oscillation that need not be 
sinusoidal as assumed in Fourier transform. At any given time, the recorded data 
may have many different coexisting modes of oscillation, which may or may not 
relate to different seismological phases. Each of these oscillatory modes, called an 
intrinsic mode function (IMF) is defined by the following conditions: 
1. Over the entire data set, the number of extrema (maximum and 
minimum amplitudes) and the number of zero-crossings must be equal 
or differ at most by one. 
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2. At any point, the mean value of the upper envelope (defined by the 
local maxima) and the lower envelope (defined by the local minima) is 
zero. 
 With EMD, one can decompose any waveform. First, identify all the local 
extrema. Connect all the local maxima to produce the upper envelope, and repeat 
the procedure for the local minima to produce the lower envelope. The upper and 
lower envelopes should encompass all the data between them. The mean of these 
two envelopes is designated as m1, and the difference between the original data 
x(t) and m1 is first component h1; that is 
 )()()( 11 tmtxth −=        (5.1) 
Ideally, h1 should be an IMF, since the construction of h1 described above should 
have made it satisfy all the conditions set in the definition of an IMF. Yet, in 
practice, all the conditions of an IMF cannot be achieved until the previous 
process (called the sifting process) is repeated. In the subsequent sifting process, 
h1 is treated as the data, then 
 )()()( 11111 tmthth −=        (5.2) 
where m11 is mean of the upper and lower envelopes of h1. After repeated sifting, 
up to k times which is usually less than 10, h1k, given by 
 )()()( 1)1(11 tmthth kkk −= −       (5.3) 
is designated as the first IMF component c1 from the data, or 
 )()( 11 thtc k=         (5.4) 
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Typically, c1 will contain the finest-scale or the shortest-period (i.e. highest 
frequency) component of the signal. One then removes c1 from the rest of the data 
to obtain the residue 
 )()()( 11 tctXtr −=        (5.5) 
The residue r1, which contains longer-period components, is treated as the new 
data and subjected to the same sifting process as described above. This procedure 
can be repeated to obtain all the subsequent rj functions as follows: 
 );()()(1 trtctr jjj =−−  nj ,...,3,2=      (5.6) 
The sifting process can be terminated by either of the following predetermined 
criteria: (1) either the component cn or the residue rn becomes so small that it is 
less than a predetermined value of consequence; and (2) the residue rn becomes a 
monotonic function from which no more IMF can be extracted. If the data have a 
trend, the final residue will be that trend. The original data are thus the sum of the 








+=        (5.7) 
Thus, the data are decomposed into n  IMF components and a residue nr  that can 
be either the mean trend or a constant.  
 In summary, the time series signal is processed by a sifting process 
repeatedly till an IMF is obtained. A new series is then formed by removing this 
extracted IMF from the original series. This new series again undergoes the 
sifting process. This process is carried out till all the IMFs have been extracted or 
till the values of the components become insignificant. Fig. 5.3 shows the EMD 
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procedure of a signal x(t). A Matlab code for the EMD, developed by the author, 
is given in Appendix D. 
 The method of EMD was applied to the displacement seismograms (BHZ 
channel) of the Java 2006 (Mw 7.7) and Sumatra 2002 (Mw 7.5) earthquakes 
recorded at five GSN stations and the results were analyzed.   
5.4 Results and discussions 
 Fig. 5.4 (a) and (b) show the displacement seismograms (BHZ channel) of 
the Java 2006 (Mw 7.7) and Sumatra 2002 (Mw 7.5) earthquake recorded at station 
MAJO (in Japan) at distance of about 52o away from the earthquakes. The peak 
ground displacement (PGD) of the Sumatra 2002 is about two times larger than 
the Java 2006 earthquake. The Fourier spectra of the two earthquakes are 
compared in Fig. 5.4(c). Their Fourier spectra show corner frequency at about 
0.04 Hz for both the earthquakes. The spectral amplitudes of the Sumatra 2002 
earthquake are generally higher than that of the Java 2006 earthquake, except at 
high frequency (>0.1 Hz). As it is, there is nothing spectacularly different 
between the two earthquakes in terms of their Fourier spectra.  
 Next, the method of Empirical Mode Decomposition (EMD) was applied 
to the seismograms of Java 2006 (Mw 7.7, tsunamigenic) and Sumatra 2002 (Mw 
7.5, non-tsunamigenic) earthquakes and decomposed them into their respective 
Intrinsic Mode Function (IMF) components. Fig. 5.5 shows the original data and 
their Intrinsic Mode Function (IMF) components. It is of interest to note that both 
the earthquakes data analyzed were decomposed into eight IMF components. The 
last two IMF components are monotonic and linear so are omitted here in the 
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further analysis. Fourier Transform was performed to extract the predominant 
frequencies in each of the IMF components and the results are shown in Fig. 5.6. 
It shows that each IMF component emphasizes a different oscillation with 
different amplitude and frequency content. The first IMF has the highest-
frequency content and the frequency content decreases with the increase in IMF 
component until the 7th IMF component, which is almost a linear function of time. 
All the IMF components are extracted from displacement seismograms 
(BHZ component) that are the result of seismic waves generated by the seismic 
source and propagating in the earth, so they should reflect the wave characteristics 
inherent to the rupture process and the earth medium properties. In this 
comparative study, the two earthquakes share the same propagation and site 
effects and thus, whatever difference that is observed in the analysis of their 
seismic waves are entirely due to their difference in the source mechanism.  
Next, the  IMF components are group and analyzed for the corner 
frequencies and spectral amplitudes. The first group, referred to as the EMD-
based high-frequency (HF) component, was obtained from the summation of the 
1st through 3rd IMF components. The second, the EMD-based low-frequency (LF) 
component, was computed from the summation of the 4th through 6th IMF 
components. The group of the IMF components was done arbitrarily. Fig. 5.7 
depicts EMD-based HF and LF components for Java 2006 earthquake and their 
respective Fourier spectra.  The Fourier spectra show clear distinction of corner 
frequencies between the HF and LF components. Similar results are shown for 
Sumatra 2002 earthquake in Fig. 5.8.  
Chapter 5: Advancement of Tsunami Prediction through Empirical Mode Decomposition (EMD) 
 146
The HF and LF components of the Java 2006 and Sumatra 2002 are 
compared in Fig. 5.9. The Fourier spectra of the HF components of the Java 
20006 and Sumatra 2002 earthquakes are compared in Fig. 5.9(a). The Java 2006 
shows peak spectral amplitude, A(f)max of 9.76 μms at corner frequency (fo) of 
0.03 Hz while the Sumatra 2008 shows A(f)max of 18.48 μms at fo 0.04 Hz. The 
peak spectral ratios, defined as the ratio of the peak spectra to the frequency at 
which occurs, i.e. max)
)((
f
fA are 325 and 462 μms2  occurring at the corner 
frequencies for the Java 2006 and Sumatra 2002 earthquakes, respectively. Thus, 
at short period (i.e. around 0.04 Hz), the corner frequencies and peak spectral 
ratios of the two earthquakes are similar.  
The Fourier spectra of the LF components of the Java 2006 and Sumatra 
2002 earthquakes are compared in Fig. 5.9(b). The corner frequencies for the Java 
2006 and Sumatra 2002 earthquake are 0.006 and 0.01 Hz with spectral amplitude 




fA  are 1070 and 752 μ ms2 occurring at 0.006 and 0.01 Hz for Java 2006 
and Sumatra 2008 earthquake, respectively. This shows that energy of the 
tsunamigenic earthquake is concentrated in the longer period seismic wave (i.e. 
167 s or 0.006 Hz) while for the non-tsunamigenic one, the maximum energy 
occurs at 100 s period. Thus, the spectral ratio 
f
fA )(  of LF components can 
correct the shortcomings of the conventional magnitudes (Ms and Mb), which 
measure displacement amplitude at short periods (20 s and 1 s).  
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 According to Brune’s circular model (Brune 1970; Boore, 1983), the 
theoretical source displacement spectrum )( fU  at any frequency f  can be 
represented by a frequency-squared model, 2)/(1
)(
off
MofU += , where Mo is 
seismic moment and of is corner frequency. The earthquake source duration is 
proportional to of/1 . Thus, this scaling law states that larger the earthquake, the 
longer the source duration and smaller the corner frequency. In this study, corner 
frequency of the tsunamigenic earthquake (i.e. Java 2006) is only 0.006 Hz, which 
is noticeably smaller than that for the non-tsunamigenic earthquake (Sumatra 
2002), which has corner frequency of 0.01 Hz as shown in Fig. 5.10(b). This 
long-period nature (indicating longer rupture length) of the earthquake could be 
used as indication of the tsunami earthquake. However, at high frequency (i.e. HF 
components) the corner frequencies of the Java 2006 and Sumatra 2008 
earthquake are similar as shown in Fig. 5.9(a). Therefore, the separation of the 
seismograms into HF and LF component with the EMD facilitates the 
differentiation of the tsunamigenic earthquake from the non-tsunamigenic 
earthquake in terms of the corner frequency and spectral ratio.  
Brune’s earthquake model assumes that the earthquake source is modeled 
as a circular fault source. This model describes small and simple earthquakes for 
which there is a single corner frequency. But for complex ruptures (like in the 
case of tsunami earthquakes), or for large subduction events for which finite-fault 
effects are significant, deviations from this simple representation seems 
important.  
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 To establish if the presented procedure is reliable and produce stable 
results, the EMD method was applied to the seismograms of the two earthquakes 
recorded at four other GSN stations (i.e. HNR, CASY, FURI and BRVK). The 
locations of these stations are shown in Fig. 5.2. For each these stations the HF 
and LF components of the seismograms of the two earthquakes (i.e. Java 2006 
and Sumatra 2002) were obtained through EMD and analyzed. The results were 
shown in Fig. 5.10 to Fig. 5.13 and summarized in Table 5.2. The analysis results 
at all the seismic stations consistently showed that there is a clear difference 
between the tsunamigenic and the non-tsunamigenic earthquake in terms of their 
corner frequency (fo) and peak spectral ratio max)
)((
f
fA , especially in the EMD-
based LF components. In particular, the tsunamigenic earthquake (Java 2006) 
consistently showed larger  spectral ratio max)
)((
f
fA  occurring at low corner 
frequency (i.e. 0.006 Hz) compared to the non-tsunamigenic earthquake (for the 
LF components). However, in the HF components (i.e. at high frequency) the 
corner frequencies between the tsunamigenic and non-tsunamigenic earthquake 
are not distinguishable. In addition, their spectral ratios are also similar (more so 
than in the LF components). Therefore, the LF components obtained through the 
EMD could be used to differentiate tsunamigenic earthquakes from non-
tsunamigenic earthquakes in context of the tsunami early warning.  
 The results of this study show that the EMD can reveal tsunamigenic 
nature of the earthquakes. In particular, tsunamigenic earthquake has lower corner 
frequency and high spectral ratio compared to ordinary earthquake. This 
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difference is clearly noticeable in the lower frequency spectrum of the 
seismogram (i.e. LF components). This long-period nature of the tsunami 
earthquakes has been explained by large slip (for a given seismic moment), slow 
rupture velocity and lower stress drop associated with them since they tend to 
occur in regions of low rigidity (i.e. small shear modulus) at shallow depths in the 
subduction zones. Lower rigidity (the resistance to shear deformation) results in 
slower earthquake rupture velocity and longer source time function for a given 
Mo. This can be revealed through the spectrum of low frequency seismogram 
extracted by the EMD.   
7.5 Conclusions 
 The proposed method of Empirical Mode Decomposition (EMD) can 
extract the source rupture characteristics of the tsunami earthquake and reveal its 
tsunamigenic nature. In particular, the analysis of the long-period seismic waves 
(LF components) show that seismic energy of tsunami earthquake is relatively 
greater at longer period (>100 s) and the peak spectral amplitude occurs at lower 
corner frequency. The analysis of the high-frequency waves (HF component) 
show that tsunami earthquake is indistinguishable from the ordinary earthquakes 
as they occur at similar corner frequency and their spectral ratios are also similar. 
Therefore, long-period waves (>100 s) should be used to detect a tsunami 
earthquake. The EMD presented here shows an alternative way to extract the 
long-period seismic signals from the recorded broadband seismograms for 
determination of tsunamigenesis.  
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It must be noted that although analysis of far-field surface wave records 
involve time delay, it is still possible to issue tsunami warning from such method 
within about 20 minutes of the earthquake. This is because long-period surface 
waves (3.7 km/s)  travel about 15 times faster than tsunami (0.24 km/s in 6 km 
deep-ocean).  Furthermore, near the coastal areas the water tend to be shallower, 
which explains why Java 2006 tsunami took about an hour to travel 180 km to hit 
coastal areas of Java Island. Therefore, the proposed method of Empirical Mode 
Decomposition presented here could be used to identify tsunami earthquake in the 
advancement of tsunami warning so that lives could be saved.  
 











Table 5.2. Comparison of corner frequency (fo) and spectral ratio (A(f)/f)max for Java 2006 and 
Sumatra 2002 earthquake 
 
 
 Java 2006 earthquake Sumatra 2002 earthquake 
 HF component LF component HF component LF component 
Station fo  (A(f)/f)max fo  (A(f)/f)max fo  (A(f)/f)max fo (A(f)/f)max 
MAJO 0.030 325 0.006 1070 0.040 462 0.010 752
HNR 0.040 210 0.005 1256 0.032 250 0.009 236
CASY 0.060 167 0.006 1597 0.058 178 0.009 281
FURI 0.060 165 0.006 645 0.066 203 0.010 379
BRVK 0.035 189 0.006 868 0.045 289 0.010 598
No. Site Date 
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Figure 5.1. Global CMT solutions for July 17, 2006 (Mw 7.7) and November 2, 2002 (Mw 7.5) 









Global CMT Solution  
November 2, 2002 
Sumatra, INDONESIA 
 
ORIGIN TIME: 08:08:45.6 
LAT: 2.65N; LON: 95.99E  
DEP: 23 km, HALF-DURATION =12.6 s 
BEST DOUBLE COUPLE:  
Mw= 7.5 
NP1: STRIKE=297; DIP= 16; SLIP=  73 
NP2: STRIKE=135; DIP= 75; SLIP=  95 
 
Global CMT Solution  
July 17, 2006  
Java, INDONESIA 
ORIGIN TIME: 08:20:39.1 
LAT 10.28S; LON 107.82E  
DEP: 20.4; HALF-DURATION 50.0 s 
BEST DOUBLE COUPLE:  
Mw= 7.7 
NP1: STRIKE=289; DIP=10; SLIP=  95 





























Figure 5.2. Location of the earthquakes (stars) from USGS for July 17, 2006 Java earthquake (Mw 
7.7) and November 2, 2002 Sumatra earthquake (Mw 7.5) and seismic stations (triangles) used in 

































Figure 5.3. Empirical Mode Decomposition (EMD) of a signal x(t). m(t) is the mean while xmax(t) 























Figure 5.4. Displacement seismograms (BHZ channel) at GSN station MAJO (r≈ 52o) in Japan for 











































(a) Java 2006 earthquake (at MAJO)


























































Figure 5.5. Displacement time history at station MAJO and their Intrinsic Mode Function (IMF) 
components: (a) July 17, 2006 Java earthquake and its eight IMF components and (b) November 










































































































(a) July, 17, 2006 (Mw 7.7) Java earthquake & its intrinsic mode functions


































































































(b) November 2, 2002 (Mw 7.5) S. Sumatra earthquake & its intrinsic mode functions


















Figure 5.6. Fourier spectra of the first six IMF components of the displacement time history for (a) 










































































































































Figure 5.7. Displacement time history of the EMD-based (a) high frequency component, (b) low-




























Figure 5.8. Displacement time history of the EMD-based (a) high-frequency component, (b) low-
frequency component and (c) their respective Fourier Spectra for Sumatra 2002 earthquake 




















































































































































































Figure 5.9. Fourier spectra of Java 2006 earthquake and Sumatra 2002 earthquakes station MAJO 


















 HF, Java 2006



















 LF, Java 2006
 LF,  Sumatra 2002
(0.006, 6.42) 
(b) Fourier transform of low-frequency (LF) components (at MAJO)
























































Figure 5.10. Fourier spectra of Java 2006 earthquake and Sumatra 2002 earthquakes at station 
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 HF, Java 2006
 HF, Sumatra 2002
(0.032, 8.02) 
(a) Fourier transform of high-frequency (HF) components (at HNR)























































Figure 5.11. Fourier spectra of Java 2006 earthquake and Sumatra 2002 earthquakes station CASY 
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Figure 5.12. Fourier spectra of Java 2006 earthquake and Sumatra 2002 earthquakes at station 
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Figure 5.13. Fourier spectra of Java 2006 earthquake and Sumatra 2002 earthquakes at station 
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 Chapter 6 
 
Identification of Tsunamigenic 
Earthquakes based on Rupture Analysis 
 
6.1 Introduction  
 Most of the tsunamis that occurred along the Sunda Arc (Indonesia) 
are local tsunamis (except for the 2004 tsunami and 1883 tsunami from 
Krakatoa volcano eruption). The distance from tsunami sources to the nearest 
coastal area is usually about 100 to 200 km and the travel-time of the tsunami 
wave is about 10 to 30 minutes. Therefore, any proposed tsunami early 
warning system for Indonesian region should have the capability of issuing 
tsunami warning within 10 minutes of the earthquake occurrence, for it to be 
meaningful.  
 After the devastating 2004 tsunami, several broadband stations have 
been deployed in Indonesia to monitor earthquakes. Although the prediction of 
an earthquake has not been possible till date, its seismic waves which travel 20 
to 30 times faster than tsunami waves, could be used for rapid tsunami 
warning. Tsunami warnings are conventionally based on earthquake 
magnitude and epicenter location. A large earthquake in a deep sea located 
at/near subduction zone is potentially a tsunamigenic event. However, not all 
such earthquakes even with sufficiently large magnitude cause tsunamis. For 
instance, the July 17, 2006 Java earthquake (Mw 7.7) caused devastating 
tsunami (~10 m according to NGDC/NOAA) that inundated the southern coast 
of Java and killed 700 people due to its tsunami. But its ground shaking was 
hardly felt even by the local residents near the epicenter. On the contrary, the 
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June 4, 2000 South Sumatra earthquake (Mw 7.9) located about 750 km 
northwest of the Java 2006 event, caused no tsunami but its violent shaking 
was felt as far as Singapore, about 640 km away. So even moment magnitude 
(Mw), which relates best to tsunami wave height, as compared to other 
earthquake magnitude, is not enough for accurate tsunami prediction.  
 The techniques of spectral analysis (FFT and CWT) and Empirical 
Mode Decomposition (EMD) discussed in the preceding chapters gave 
promising results for tsunami prediction from the seismic signals. But these 
methods mainly rely on surface waves and thus, involve delay in time due to 
recording the data.  Thus, a more robust warning system that can discriminate 
tsunamigenic events from non-tsunamigenic events very quickly was sought.  
 For local coastal areas, the tsunami may arrive within less than 10 
minutes after the earthquake occurrence.  Therefore, for such areas, tsunami 
warning systems solely rely on the quickly available earthquake magnitudes 
(Ms and Mb) and epicenter location estimated from the nearby seismographs. 
But these earthquake magnitudes are based on relatively short-period seismic 
waves and may reach saturation and underestimate the earthquake size and 
thus, the tsunamigenic potential of the earthquake. This is because large 
earthquakes rupture large areas and therefore, are relatively depleted in high 
frequency seismic radiations. For example, after the December 2004 Aceh 
earthquake, magnitude estimates made available 11 minutes after the 
earthquake was Mwp 8.0 (from body waves), which essentially indicated zero 
risk of major ocean-wide tsunami (Menke and Levin, 2005). After 1 hour, 
using surface waves, the estimate was raised to Mw 8.5. After about 5 hours 
the Harvard CMT project adapted its computation to use longer period (300-s 
Chapter 6: Identification of Tsunamigenic Earthquakes based on Rupture Analysis 
 
 166 
versus the standard 135-s) surface wave to infer Mw 9.0. Even this method 
could not accommodate the long rupture duration (>500 s) of the source (Ishii 
et al., 2005). It was only several days later that Mw of 9.2~9.3 was found 
through analysis using earth’s longest period normal modes (Stein and Okal, 
2005; Park et al., 2005; Tsai et al., 2005). Similarly, the magnitude estimate of 
July 17, 2006 Java earthquake that excited a deadly tsunami varied 
significantly with seismic wave period at which it was calculated. At very 
long-period (i.e. 300–500+ s), its magnitude was Mw 7.7, but while at short 
periods its magnitude was much lower, i.e. Ms (∼20 s) 7.2 and Mb (∼1 s) 6.1 
(Ammon et al., 2006).  
 In this study, a simple and robust diagnostic method, based on the 
rapid estimation of the fault rupture duration by filtering technique on the first 
arriving P waves, was presented. This method has the potential to be used for 
identification of tsunamigenic earthquakes in the advancement of tsunami 
warning. 
6.2. Method and data 
 Body waves travel through the Earth at velocities of 4 to 6 km/s, 
depending on the density and elasticity of the medium through which it is 
travelling. They are the first waves to be recorded at a seismograph and can 
arrive few to tens of minutes before the surface wave, depending on the 
epicenter distance. P and S waves are sufficient to describe the earthquake 
source, as surface waves are only formed later as a result of the interaction 
between P and S waves at the surface of the earth. The P waves that reflect at 
earth's surface tend to lose high-frequency energy, so the duration of high-
frequency signal in a body wave seismogram gives a rough indication of the 
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duration of rupture propagation. In the case of large earthquakes, the P-wave 
may be contaminated by the signals of PP (i.e. reflected P wave) and other 
secondary waves. By extracting the high-frequency signals carried by the P-
wave (f>2 Hz, where signals from PP, PPP and S waves are very weak), the 
source rupture pattern and duration of earthquakes can be estimated. This 
method was first applied to 2004 Aceh earthquake to estimate its rupture 
duration (Ni et al., 2005; Lomax 2005) but its potential for tsunami prediction 
has never been explored. Hara (2007) also used this technique to determine 
magnitudes for large shallow earthquakes.  
 In this study, the high-frequency Rupture Analysis technique was 
applied to a set of recent earthquakes in Indonesia with magnitudes Mw 7≥  
with focus on early tsunami warning (Table 6.1).  Broadband velocity 
seismograms of the earthquakes at station MAJO (at Matsushiro, Japan) were 
retrieved from IRIS Data Management Center. The global seismic stations 
used in this study are given in Table 6.2. The vertical component of the 
velocity seismograms (i.e. BHZ with sampling rate of 20 Hz) were selected for 
the analysis since P-waves display most of their energy on the vertical 
component. The location of the station MAJO (in Japan) and earthquakes are 
shown in Fig. 6.1. The epicenter distances of the earthquakes from the station 
MAJO range from 37o to 63o and whole P-wave seismogram can be obtained 
within about 13 minutes of earthquake origin time, except for the 2004 Aceh 
earthquake, which took about 17 minutes. But this recording time can be 
shorten by using closer stations, if available.  
 In this study, the following steps were taken to compute the rupture 
pattern and duration from vertical-component velocity seismogram (BHZ 
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channel): (1) Remove instrument response to obtain velocity seismogram. (2) 
Filter the seismogram using a narrow band with 2 and 4 Hz as corner 
frequencies. (3) Square each of the velocity values to make it proportional to 
the seismic radiation energy. (4) Smooth each velocity-squared time-series and 
normalize to form an envelope function. (5) Measure the rupture propagation 
end, tend defined as the time where envelope function last drops to 20% of its 
peak value. (6) Compute source rupture duration ( rτ ) from onset of P wave 
(tp) to tend.    
 An example of the fault rupture during the 2004 Aceh earthquake (Mw 
9.0~9.3) is shown in Fig. 6.2 and the steps involved in computation of its 
rupture duration are illustrated in Fig. 6.3.  Rupture duration result of about 
500 s can be clearly seen for 2004 Aceh earthquake (Fig. 6.3d). The velocity 
envelope function, which is analogous to the moment rate function, shows that 
the fault sliding began relatively slowly for about 50 s after which it grew 
rapidly. Four energy peaks of short period energy are clearly noticeable, 
probably corresponding to occurrence of possible failure of a relatively strong 
section of the megathrust at that time. Then a gradual decay followed by again 
a small slip brought the rupture propagations to its termination.   
 In this methodology, it was assumed that velocity envelope represents 
an estimate of source rupture duration. Then this rupture duration (as 
represented by the width of the velocity envelope) was to differentiate 
tsunamigenic earthquakes from non-tsunamigenic earthquakes along the 
Sunda Arc in Indonesia for the purpose of tsunami warning.  




6.3.1 Results of rupture duration and seismic radiations 
 The proposed Rupture Analysis method was applied to a set of 21 large 
earthquakes (Mw ≥ 7) along Sunda Trench (since 1977) in Indonesia. This set 
consists of two “tsunami earthquakes”, i.e. earthquakes that generate tsunami 
wave heights greater than expected from their short-period magnitude (e.g. 
Java 1994 and July 2006), seven tsunamigenic earthquakes and several regular 
events with no tsunami. The rupture duration results as indicated by the band-
pass (2-4 Hz) filtered, squared and smoothed velocity seismograms of 21 
earthquakes in Sunda Arc recorded at station MAJO are shown in Fig. 6.4 and 
Table 6.1. The envelope showing a sharp peak (with quick rise time and 
decay) always corresponds to non-tsunamigenic earthquakes and relatively flat 
portion with multiple peaks corresponds to tsunamigenic earthquakes (Fig. 
6.4). The various multi-peaks may correspond to the rupture points. The 
ending, as well as the beginning, of rupture are identified for all the 
earthquakes. While the initiation of the rupture as the onset of P-wave is clear, 
the end of rupture is not always clear due to the complexity of the seismic 
sources. Furthermore, in some cases, secondary P-waves and S-waves have 
overlapping high frequency content with the first P wave. In this study, for 
simplicity, we arbitrarily assumed the termination of rupture end as time at 
which the normalized amplitude drops to 20% of its peak value. 
 Fig. 6.5 shows the rupture durations and amplitudes as a function of 
moment magnitude (Mw). It can be seen that rupture duration varies a lot, even 
among earthquakes of similar magnitudes. However, there is a clear 
distinction in rupture duration and pattern between the tsunamigenic and non-
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tsunamigenic events. For instance, the rupture durations for tsunamigenic 
events (No. 2, 3, 6, 14, 15, 16, 19 & 20) range from 100 to 500 s. In contrast, 
non-tsunamigenic earthquakes (No. 4, 5, 7, 8, 9, 13, 18 & 21) and two events 
on land (No. 11 & 12) exhibit short rupture duration from 20 to 70 s. The two 
strike slip events (No. 1 & 10) also show long rupture duration of about 100 s 
and rupture pattern similar to tsunamigenic events.  
 In addition, the tsunamigenic events show deficiency in high frequency 
radiation as compared to the non-tsunamigenic earthquakes of similar 
magnitude as shown in Fig. 6.5(b). In particular, the two confirmed “tsunami” 
events of Java 1994 and 2006 show exceptionally small velocity (at high-
frequency), represented by maximum amplitude Amax of 8 and 81 nm/s, 
respectively.  
 The 1992 Flores event (No. 17), which showed rupture duration of 
only 85 s despite its anomalous tsunami of 26.2 m, is consistent with 
hypothesis that the tsunami following this earthquake was not directly caused 
by the earthquake itself, but was an effect of landslides triggered by the 
earthquake (Tsuji et al. 1995; Hidayat et al. 1995).  
 Aside from the 2004 Aceh earthquake (No. 2) which ruptured for 500 s 
and claimed more than 275,000 lives, the July 17, 2006 Java, Mw 7.7 (No. 14) 
and February 17, 1996 Molucca, Mw 8.2 (No. 20) earthquakes show 
exceptionally large rupture duration of about 175 s and caused tsunami of 10 
m and 7.7 m respectively (NGDC/NOAA). The Java 2006 event is classified 
as “tsunami earthquake”, that is an earthquake that produces a tsunami much 
larger than expected from its surface magnitude (Kanamori, 1972; Satake, 
2002). But the 1996 Molucca event (No. 20) is tsunamigenic but not “tsunami 
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earthquake” because it only caused local tsunami which is proportional to its 
magnitude.  
 Another earthquake of magnitude Mw 7.6 with large duration (120 s) 
occurred on October 10, 2002 (No. 19) about 300 km to the west of the 1996 
Molucca event. The event has similar rupture pattern as event No. 20 and it 
caused a local tsunami with estimated wave heights of 4 m damaging several 
houses at the epicenter area.  
 To the southwest of the October 2002 event, a magnitude Mw 7.6 
earthquake occurred on January 27, 2006 (No. 18) in Banda Sea. But this 
earthquake did not generate any tsunami although it had large magnitude and 
occurred in the sea. Its rupture duration was only 20 s, which is attributable to 
its large focal depth of 397 km since in general rupture duration decreases 
with depth. However, looking at event No. 21 (January 1, 2007, Mw 7.5) to the 
north it can be seen that its focal depth is only 22 km and yet its duration is 
also short (35 s) with no tsunami. Thus, the short source duration need not be 
necessarily because of the large focal depth.  
 Several notable earthquakes along Java Trench have resulted in 
damaging tsunamis over the years. The July 2006, June 1994 and August 1977 
earthquakes (i.e. No. 14, 15 &16) were all tsunamigenic with large rupture 
durations of 175, 100 and 140 s respectively. Furthermore, the rupture patterns 
of these three events are similar, that is a boxcar shaped pulse with multiple 
distinctive peaks, possibly corresponding to points of rupture on the fault 
plane. The June 1994 earthquake (No. 15) produced an unusually large 
tsunami (despite its Mw 7.2) that had a maximum run-up height of 13 m killing 
more than 200 people. This earthquake occurred about 600 km east-southeast 
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of the 2006 Java earthquake (No. 14), and it was similarly thrust faulting on 
the shallow plate boundary. Based on its unusual tsunami excitation, 
disproportionally large with respect to its magnitude, and more detailed 
analyses of the seismic waveforms, the 1994 Java earthquake has been 
classified as a slow “tsunami” earthquake (Polet et al., 2000; Newman et al., 
1998). The August 1977 event (No. 16), which took place to the east of Java 
1994 event, is a normal-fault earthquake and it occurred within the Australia 
plate, producing a tsunami that had a maximum run-up height of 15 m and 
killed almost 200 people.  
 Furthermore, it is observed that all the large tsunamigenic earthquakes 
of Java are located closer to the trench. It could be deduced that for future 
tsunami prediction, if an earthquake of Mw ≥ 7 with large rupture duration 
( ≥rτ 100s) occur along the Java Trench, it should be expected to be followed 
by a tsunami with substantial wave height.  
 However, along the Sumatra Trench the rupture durations of the large 
earthquakes vary from 30  to 500 s with tsunamigenic events (No. 2, 3 & 6) 
showing rupture durations greater than 100 s (as in the case of Java Trench) 
while non-tsunamigenic events (No. 4, 5, 7 & 8) show less than a minute. The 
tsunamigenic events of Aceh 2004 (Mw 9.0-9.3), Nias 2005 (Mw 8.6-8.7) and 
Bengkulu 2008 (Mw 8.5) with maximum tsunami height of 34.5, 2 and 1 m 
(according to NGDC/NOAA) show rupture durations of 500, 110 and 100 s 
respectively. In short, the computed rupture durations are proportional to the 
tsunami wave height reported by NGDC.  
 To the north of the Sumatra Trench lies the Andaman Trench, where 
July 24, 2005 earthquake (No. 1) with Mw 7.2 occurred.  It also had large 
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rupture duration of 100 s, but caused no tsunami because it occurred on a 
strike slip fault on the Indian plate near the western boundary of the aftershock 
zone of the devastating Aceh 2004 event. Another strike slip event occurred 
on June 18, 2000 (No. 10) with Mw 7.9 off the Sunda Trench in Indian Ocean. 
Its rupture measured about 100 s and caused slight tsunami (0.3 m). From the 
observation of the rupture analysis, it seems that strike slip events and 
tsunamigenic events share common features (i.e. long rupture duration and 
depletion in high frequency energy radiation). But strike slip fault is usually 
non-tsunamigenic because it does not involve vertical ground motion. 
Therefore, for the purpose of the tsunami warning, the information of the 
geology and past seismicity could be used to discriminate the strike-slip faults 
from the dip-slip faults. Past records indicate that along the Sumatra Trench 
and Java Trench, the earthquakes are mainly dip-slip. The strike slip events 
tend to occur only to the north of Aceh, where Indian plate runs parallel to 
Burma plate. Finally, it may be concluded from the current study that an 
earthquake of magnitude Mw ≥ 7, occurring in the sea along Sumatra Trench 
with rupture duration greater than 100 s would be most likely tsunamigenic.  
6.3.2 Comparison of rupture duration estimates from this study with 
Harvard CMT rupture durations 
 The rupture duration estimates ( rτ ) computed from first arriving P-
wave train in this study are compared with Harvard CMT duration ( cmtτ ) as 
shown in Fig. 6.6 and Table 6.1. It shows that in general rupture durations ( rτ ) 
computed in this study are larger than Harvard CMT duration ( cmtτ ) and the 
difference between them seem to increase with earthquake magnitude. It can 
also be seen that the rupture duration from this study is roughly twice that 
Chapter 6: Identification of Tsunamigenic Earthquakes based on Rupture Analysis 
 
 174 
from the Harvard CMT solutions as shown in Fig. 6.6(b). Harvard CMT 
solution is computed from simultaneous inversion of the seismograms from 
several teleseismic stations. Its rupture duration is estimated indirectly from its 
relationship to the scalar seismic moment (Mo), which can be expressed by a 
linear equation of cube root of the scalar seismic moment (Dziewonski et al., 
1983). The CMT analysis was limited by its simple parameterization of the 
earthquake as a point source in space with a prescribed, triangular moment-
rate function. Consequently, its estimated source rupture duration for Aceh 
2004 event was only 190 s, which is much lower than those reported from 
other studies (e.g, Ni et al., 2005). Moreover, CMT results are based on 
standard value of source rigidity ( μ ), which may be higher than that for 
subduction zone like Sunda Arc. This reason may explain why the rupture 
results from this study are larger than that from Harvard CMT. Nevertheless, 
there is a clear difference in rupture duration and rupture pattern between the 
tsunamigenic and non-tsunamigenic earthquakes. These diagnostic features are 
valuable for tsunami prediction and warning.  
6.3.3 Source rupture characteristics of Java 2006 tsunami earthquake in 
relation to other large earthquakes  
 To elucidate further on the rupture characteristics of the large 
earthquakes along Sunda Trench, three important recent earthquakes, namely 
Aceh 2004 (Mw 9.0-9.3), Nias 2005 (Mw 8.6-8.7) and Java 2006 (Mw 7.7) 
were selected for comparison of their rupture durations ( )rτ and maximum 
amplitude of velocity envelope (Amax). Fig. 6.7 shows the source time history 
for the three events at station MAJO (in Japan), which is located at similar 
epicenter distance (from these earthquakes) as evident from their arrival time.  
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Thus, the results can be compared without having to correct for attenuation 
and site effects. It can be seen that the 2004 Aceh event dwarfs other two 
earthquakes (i.e. Nias 2005 and Java 2006) in terms of rupture duration. The 
Nias 2005 event shows high seismic radiation amplitude with initial peak as 
large as the Aceh 2004 event (at 800 nm/s) but it decays abruptly. As a result, 
this earthquake excited strong ground motion but insignificant tsunami wave 
(only 1-2 m) compared to 50.9 m tsunami for Aceh 2004 earthquake.  In 
contrast, the source time function of the tsunami earthquake of Java 2006 
event show very small amplitude (i.e. less radiation efficiency) but lasts a very 
long time. This is probably why the seismic shaking from this event was weak, 
but the tsunami was very large (about 10 m). Furthermore, it can be seen that 
source time function of the tsunami earthquake (Java 2006) builds up more 
slowly than the other two earthquakes (Aceh 2004 and Nias 2005 
earthquakes). The rupture durations of three events of Aceh 2004, Nias 2005 
and Java 2006 are compared in Fig. 6.7(b). The rupture durations results 
correspond well with the reported tsunami run-up heights, highlighting the 
applicability of the proposed methodology for tsunami prediction.   
 Both the Aceh 2004 (Mw 9.0-9.3) and Nias 2005 (Mw 8.6) earthquakes 
are much larger compared to Java 2006 (Mw 7.7) earthquake, thus, making the 
comparisons with them somewhat difficult. Thus, the Java 2006 event is 
compared with June 2000 event, Mw 7.9 (No. 7) and February 2001, Mw 7.4 
(No. 8) in south Sumatra, since their magnitudes are similar and they are also 
located at similar epicenter distance. Fig. 6.8 shows the source time function 
for the three earthquakes. The rupture durations are 175 s for Java 2006, and 
50 s each for June 2000 and February 2001 event in south Sumatra. Again, the 
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Java 2006 earthquake shows low amplitude (i.e. seismic radiation efficiency) 
of 81 nm/s as opposed to 1517 nm/s for June 2000 and 235 nm/s for February 
2001 event. It must be noted that although it has larger moment magnitude 
than February 2001 earthquake (Mw 7.4), its amplitude (of velocity envelope 
at high frequency) is much smaller.  The high radiation efficiency of the June 
2000 earthquake explains the fact that it resulted in 103 deaths and 
considerable damage to property in the province of Bengkulu (on Sumatra) 
and it was felt as far as Singapore and Kuala Lumpur. Despite its large size, it 
did not generate either a local or an ocean-wide tsunami. Similarly, the 
February 2001 also did not generate any tsunami. Both the June 2000 (Mw 7.9) 
and February 2001 (Mw 7.4) earthquakes had rupture duration of only 50 s 
compared to 175 s for Java 2006 earthquake.  
6.3.4 Effect of directivity on the estimates of rupture characteristics 
 In this study, the rupture durations for the 21 earthquakes were 
computed at a single station (MAJO in Japan) and the results were compared 
without considering the directivity effects on the radiated seismic energy. 
Large earthquakes tend to break the ground along the preexisting fault zones 
and the seismic radiations are biased in the direction of rupture propagation. 
Theoretically, the rupture durations will be shorter in the direction of rupture 
propagation and longer in the direction away from the moving source (the 
rupture front). So the directivity effects on estimates of radiated seismic 
energy and therefore, rupture duration are investigated for July 17, 2006 Java 
earthquake, which ruptured predominately towards the east.  
 The broadband velocity seismograms of the Java 2006 earthquake (Mw 
7.7) were collected from two groups of stations at an epicenter distance of 
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about 52o and 32o respectively, with good azimuth coverage (Fig. 6.9 & Table 
6.2). Fig. 6.10 shows smoothed velocity envelope (2-4 Hz band-passed) of the 
earthquake as a function of station azimuth. The rupture duration (bounded by 
red dots) reveals a clear azimuthal pattern of about 150 s (at station HNR) with 
high radiation energy in the direction of rupture (east) and 175 s 9 (at station 
MSEY) with lower radiation energy in the opposite direction (west). The peak 
velocity envelope (Amax) is 283 nm/s at station HNR compared to 26 nm/s at 
station MSEY. Similar results were obtained from stations at closer distance 
(r ≈ 30o) as shown in Fig. 6.10 (b). The rupture duration results from this group 
of stations could be obtained within about 10 minutes of the earthquake. The 
average rupture duration for Java 2006 event from the all the 11 stations used 
is 170 s. Therefore, in the practical application of the Rupture Analysis 
technique, several stations could be used to account for directivity.  
6.3.5 Fast estimation of rupture duration using locally available seismic 
stations  
 All the seismograms examined so far in this study and also in the 
literature (e.g. Ni et al., 2005) were intentionally chosen at regional/ 
teleseismic distance (r ≥ 30o) so that the P-wave train (from onset of P wave to 
reflected P wave, i.e. PP wave) from which the velocity envelope is computed, 
is longer than the rupture duration. But with regard to tsunami warning even a 
few minutes of earlier warning could save thousands of lives. Thus, it is of 
paramount importance to seek warning techniques that can reduce the time 
delay in issuance of the warning as much as possible. With this view, 
seismograms from closer stations were used to find out if the proposed 
methodology is still applicable at close distance.  
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 The Rupture Analysis technique was applied to analyze the 
seismograms of Java 2006 earthquake (Mw 7.7) recorded at station XMIS, 
which is located at about 230 km away (Fig. 6.11) and the analysis results are 
shown in Fig. 6.12.  The rupture duration of 175 s, which is similar to what 
was obtained from far-field stations in the previous sections, was obtained. 
This shows that the rupture pattern and duration can also be evaluated from 
the local stations. Therefore, if nearby stations are readily available, tsunami 
warning may be possible within few minutes of the earthquake with this 
Rupture Analysis technique.  
6.4. Concluding remarks 
 A quick method to estimate fault rupture characteristics from 
processing of first arriving high frequency P-wave energy radiation was 
examined for large earthquakes located along the Sunda Arc. The method gave 
promising results for differentiating tsunamigenic from the non-tsuanmigenic 
earthquakes. This study showed that rupture pattern, duration and seismic 
radiation efficiency of the tsunamigenic earthquakes differ from those of the 
non-tsunamigenic earthquakes. In particular, tsunamigenic earthquakes exhibit 
longer source duration and lower high-frequency energy radiation compared to 
the non-tsunamigenic earthquakes of similar magnitude. From among 
tsunamigenic events, the “tsunami” earthquakes are even more deficient in 
high-frequency energy radiation with exceptionally long source duration. It 
can also be observed that the tsunamigenic earthquakes (No. 14, 15, 16 and 2) 
are mainly located close to the Sunda Trench, probably in the less rigid zone, 
which might explain their long source duration. On the other hand, the non-
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tsunamigenic earthquakes consistently exhibit short rupture duration (i.e. fast 
rupture) with relatively larger seismic energy radiations.  
 Models of faulting suggest that rupture duration ( rτ ) is inversely 
proportional to the shear-wave velocity ( β ) and the cube root of stress drop 
( σΔ ). This is consistent with this study, which showed that tsunamigenic 
earthquakes which have generally shallow focal depth ( ≤ 30 km) show larger 
rupture duration ( ≥τ 100 s). This large rupture duration implies slower rupture 
velocity  and lower stress drop for tsunamigenic earthquakes compared to 
other earthquakes. The high-frequency P wave analysis reveals a rupture 
duration about 150-200 s for July 2006 Java earthquake. Combining 
distribution of aftershocks and high frequency study, the rupture velocity is 
estimated to be 1-1.2km/s, suggesting a rupture within low rigidity zone, 
possibly subducted sediments. Therefore, the Java earthquake, just like the 
1992 Nicaragua earthquake, is a tsunami earthquake with low level of high-
frequency radiation.  
 Rupture duration is an important indicator of the rigidity of sediments 
along the fault and provides information about friction between the plates and 
other properties of the subduction zone. Tsunamigenic earthquakes must 
involve large rupture extent to produce tsunami, implying large rupture 
duration. This large rupture duration can be reasonably estimated from the 
high frequency P-wave seismogram through the methodology presented.  
 From this study, it can be  concluded that tsunamigenic events along 
the Sunda Arc have long rupture duration ( ≥rτ 100 s) and they are mainly 
shallow ( ≤ 35 km) thrust earthquakes with large magnitude (Mw ≥ 7.0), 
occurring close to the trench. Therefore, having determined the epicenter 
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location to be near the Sunda Trench, where earthquakes are mainly dip-slip, a 
good rule of thumb is to check if the rupture duration exceeds 100 s for 
diagnosis of tsunamigenesis. The proposed methodology can rapidly 
discriminate tsunamigenic from non-tsunamigenic earthquakes on the basis of 
rupture duration and to a lesser extent, seismic radiation. An important 
advantage of this method is that a single broadband seismograph, suitably 
located, can also be used to extract reasonable estimates of rupture duration. 
However, average rupture durations computed from several stations with good 
azimuthal coverage of the earthquake event (taking directivity effects among 
others into account) may give more reliable results for tsunami prediction. The 
methodology presented here showed promising results for evaluating the 
tsunami potential of the large subduction earthquakes for rapid tsunami 
warning and prediction. This method, if used in combination with other 
methods (e.g. FFT and CWT) will reveal the tsunamigenic characteristics of 
the earthquakes, if any, for a more reliable tsunami prediction and warning.  
 




Table 6.1. Earthquakes used in this study and rupture duration results. Hmax, Amax and r denote 
maximum tsunami run-up height (from NGDC Tsunami Database) and peak velocity envelope 
and epicenter distance, respectively. rτ & cmtτ denote rupture estimates from this study and 
Harvard CMT solutions. 
 
Table 6.2. GSN stations used to investigate directivity effects on rupture duration estimation 
for July 17, 2006 (Mw 7.7) Java earthquake. Stations in Group I are about 52o while stations in 
Group II are about 30o away from the earthquake. 
 







Group I  
1 AAK 42.64 74.50 53 175  
2 MAJO 36.44 138.17 81 175  
3 HNR -9.48 159.87 283 150  
4 TAU -43.00 147.37 36 165 Noisy data 
5 CASY -66.64 110.44 36 150 Noisy data 
6 MSEY -4.93 55.43 26 175 Noisy data 
Group II 
7 PALK 7.01 80.48 45 200  
8 CHTO 18.65 98.94 173 150  
9 DAV 7.20 125.49 - 150  
10 WRAB -19.99 134.40 141 200  
11 NWAB -33.08 117.03 283 175  













1 07/24/2005 5640 15 N. Aceh   7.2 20 100 224 Strike slip 
2 12/26/2004 5800 30 Aceh 50.9 9.0 190 500 1183 Tsunami 
3 03/28/2005 5655 30 Nias 2.0 8.6 99 110 775 Tsunami 
4 04/01/1998 5611 56 Sumatra    7.0 16 30 166 No tsunami 
5 02/25/2008 5847 25 Mentawai   7.2 18 30 187 No tsunami 
6 09/12/2007 5909 34 Bengkulu 1.0 8.5 85 100 894 Tsunami 
7 06/04/2000 5899 33 S. Sumatra   7.9 57 50 1517 No tsunami 
8 02/13/2001 5851 36 S. Sumatra   7.4 30 50 235 No tsunami 
9 11/15/1999 6607 10 Indian Ocean   7.0 15 25 141 No tsunami 
10 06/18/2000 7003 10 Indian Ocean 0.3 7.9 51 100 114 Strike slip 
11 07/25/2004 5566 582 S. Sumatra   7.3 21 20 1342 On land 
12 02/15/1994 5800 23 S. Sumatra   7.0 14 70 40 On land 
13 08/08/2007 5656 280 Java   7.5 29 20 1304 No tsunami 
14 07/17/2006 5992 15 Java 10.0 7.7 28 175 81 Tsunami 
15 06/02/1994 5856 18 S. Java 13.0 7.2 22 100 8 Tsunami 
16 08/19/1977 5675 33 S. Sambawa 15.0 7.9 60 140 - Tsunami 
17 12/12/1992 5280 28 Flores  26.2 7.5 36 85 361 Landslide 
18 01/27/2006 4716 397 Banda Sea    7.6 32 20 5244 No tsunami 
19 10/10/2002 4247 10 N. Papua  4.0 7.6 28 120 118 Tsunami 
20 02/17/1996 4130 33 Irian Jaya 7.7 8.2 59 175 100 Tsunami  
21 01/21/2007 4106 22 Molucca   7.5 26 35 1049 No tsunami 



































Figure 6.1. Map showing the large earthquakes with Mw ≥ 7 (red dots) along Sunda Trench 
and recording station MAJO (red circle) used in this study. Blue triangles show other available 

















































































































Figure 6.2. Fault rupture extend determined from the aftershocks for the December 26, 2004 





























































Figure 6.3. Processing steps for rupture duration estimation of an earthquake: (a) Velocity 
(BHZ) seismogram; (b) Band-pass (2-4 Hz) filtering; (c) squared and smoothed velocity 
envelope and (d) normalized envelope used to compute rupture duration. tp and tend denote 
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Figure 6.4. Rupture duration results from band-pass (2-4 Hz) filtered, squared, smoothed and 
normalized seismograms for large (Mw ≥ 7) Sunda Arc earthquakes: Tsunamigenic 
earthquakes are highlighted in red, non-tsunamigenic events in black and strike-slip 
earthquakes in blue. Maximum tsunami run-up heights (Hmax) from NGDC are shown for 
tsunamigenic earthquakes.  
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Figure 6.5. Rupture duration and seismic radiation results from P-wave analysis for large 
(Mw ≥ 7) earthquakes along Sunda Arc recorded at station MAJO (in Japan): (a) Rupture 
durations ( rτ ) and (b) peak velocity envelope (Amax) as a function of moment magnitude 
(Mw). 
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Figure 6.6. Comparison of rupture estimates from this study with Harvard CMT duration from 
long period ( ≈ 135 s) surface wave analysis for the large earthquakes along Sunda Arc (at 
station MAJO): (a) Rupture durations versus moment magnitude and (b) rupture duration 
results from this study plotted against Harvard CMT durations
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Figure 6.7. Comparison of velocity envelopes for Aceh 2004 (Mw 9.0~9.3), Nias 2005 (Mw 
8.6) and Java 2006 (Mw 7.7) earthquakes: (a) Amplitude of velocity envelope as a function of 
time and (b) Normalized amplitude as function of time. 
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Figure 6.8. Comparison of velocity envelopes of Java 2006 earthquake (Mw 7.7) with June 
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Figure 6.9. Location of July 17, 2006 Java earthquake (star) and two groups of recording 
stations denoted by blue circles at 30o and red circles at 52o from the earthquake. The local 



























































































































































































Figure 6.10. Normalized velocity envelopes of July 17, 2006 earthquake (Mw 7.7) as a 
function of station azimuth at (a) stations located at 52o and (b) at 30o from the earthquake 













































































































































Figure 6.11. Location of the Java 2006 earthquake (Mw 7.7) with respect to the station XMIS 

































Figure 6.12. Rupture duration analysis for July 17, 2006 Java (Mw 7.7) earthquake recorded at 
station XMIS located at 230 km away: (a) Observed velocity seismogram, (b) Band-pass (2-4) 
filtered, squared and smoothed velocity envelope and (c) its normalized amplitude. The red 

































































7.1 Introduction  
 Development of tsunami database system for tsunami forecasting near 
real-time for coastal areas in Indian Ocean and South China Sea from tsunami 
sources along Sunda Arc (Indonesia) and Manila Trench (Philippines), 
respectively is presented in this chapter. This data-driven technique was 
developed in collaboration with other researchers working on the project titled 
“Operational Tsunami Prediction and Assessment System, OTPAS” (Tkalich 
et al., 2008). It must be pointed out that my contribution in the data-driven 
modeling is only on the segmentation and quantification of the fault zones (for 
Sunda Arc) to be used for the subsequent tsunami modeling. Similar fault 
characterization for Manila Trench was done by Nanyang Technological 
University (NTU) working under the same project. The simulation of tsunami 
scenarios and construction of database using Neural Network (NN) technique 
were done by Tropical Marine Science Institute (TMSI), NUS. However, the 
combined work is presented here for complete understanding of the data-
driven method.  
 Since this research is focused on the development of a tsunami 
warning system for Singapore, Sunda Arc and Manila Trench subduction 
zones are considered as potential tsunami sources. The tsunami risks could 
have direct impacts on the shores of Singapore or indirect effects (on 
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Singapore economically, socially and politically) due to effects on the 
neighboring countries of Indonesia, Malaysia, Thailand, Philippines, Taiwan, 
Vietnam, China, etc.   
 There was no tsunami warning system in the Indian Ocean until the 
horrifying 2004 Aceh tsunami struck the region. Thus, there is much that can 
be done to understand the nature of tsunamigenic earthquakes along the Sunda 
Arc, which is the main source of tsunamis for Indian Ocean. In addition, the 
Manila Trench subduction zone is also under-characterized and perhaps 
overlooked. Therefore, these two subduction zones are investigated for 
potential tsunami sources in the Southeast and East Asian regions. The 
tsunami sources along Sunda Arc and Manila Trench were identified (by me 
and NTU, respectively), numerical tsunami models were ran and forecasted 
tsunami database was developed (by TMSI).  
 Historical earthquakes and geological information were used in the 
development of the tsunami database. Extensive work on tsunami records has 
been done since the mid to late 1980s. The literature expanded rather steadily 
in the 1990s, largely spurred by a number of damaging tsunamis in the Pacific 
Ocean. Since the tsunami records are short, the tsunami scientists/geologists 
resorted to evidences of past tsunamis from tsunami deposits. Thus, 
paleotsunami research became an active field of investigation in the late 1980s 
(Dawson et al., 2000). Historical records show that deadly tsunamis had 
affected Indonesia from earthquakes in Sunda Arc and South China Sea from 
earthquakes in Manila Trench. In South China Sea, recorded tsunamis killed 
77,105 people in two events in 1962 and 1982 (Lau, 1977). Indonesia also had 
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comparable dead toll over this period, the largest following the eruption of 
Krakatau in 1883, which killed 36,000 people (Jordan, 2008; Robins, 1999).   
 The Data-driven Method of tsunami forecasting using the information 
of historical earthquakes and geology is reviewed here. The details can be 
found in Tkalich et al. (2008) and Romano, et al. (2009). The collaborative 
research (between NUS and NTU) was aimed to develop the tsunami warning 
database for rapid decision-making in issuance of early warning after 
receiving the earthquake source information. In the development of the data-
driven method of tsunami forecasting, first the tectonics and seismicity, 
earthquake sources and the tsunamigenic nature of the earthquakes for both 
Sunda Arc (by me) and Manila Trench (by NTU) were investigated as 
discussed in the following (Tkalich et al., 2008; Megawati et al., 2008).  
7.2 Sunda Arc 
7.2.1 Tectonics and seismicity of Sunda Arc region 
 A brief outline of the major tectonic feature of the Sunda Arc region is 
presented. Fig. 7.1 shows the fault systems of Southeast Asia illustrating the 
northwest to southeast trending shear zones (Hutchison, 1989). The simplified 
tectonic map of the Sumatra-Java region showing the two main fault systems: 
Sunda Megathrust and Sumatra strike-slip fault is shown in Fig. 7.2. The 
Sunda Arc extends southeastward for about 5,600 km from Andaman Islands 
through Sumatra and Java to Sumba Island (in the east of Java) at longitude of 
about 120oE. The Sunda Arc is an active continental margin (Uyeda etc al., 
1979; Megawati, 2009b; Sieh, 2005; Sieh, et al., 2006). The plate motion in 
this region is relatively simple: the Indo-Australian plate is subducting beneath 
the Eurasian plate along the Sunda Arc and the motion is approximately 
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northward. The age of subducting oceanic crust increases from Sumatra to 
Java (Johnson et al., 1976). The rate of plate convergence is about 6.0 cm/yr 
near northern Sumatra and increases to about 6.5 cm/yr near Java (Minster et 
al., 1978).  
 At Sumatra, the Indian oceanic plate motion is oblique to the structural 
pattern of Sumatra Island and the plate motion parallel to the Sunda Arc is 
accommodated by the Sumatran strike-slip. The characteristics of subduction 
and seismicity in Sumatra are different from those in Java. There are more 
frequent and larger earthquakes along Sumatra, where younger, more 
shallowly dipping seafloor enters the trench indicating significant seismic slip 
rates.  
 In contrast, along Java less frequent and smaller earthquakes occur 
where subduction of older seafloor takes place relatively aseismically 
(Newcomb et al., 1987). The maximum depth of earthquakes beneath the 
Sumatra region is about 250 km, while in the east of Sunda strait (i.e. a strait 
that separates Sumatra and Java); the maximum depth is as large as 650 km.  
 The Sunda Arc is characterized by high seismicity. Fig. 7.3 shows 
seismicity of the Sumatra-Java region with earthquakes of magnitude Mw≥ 6.0 
from 1976 to 2007. The activities of the Sunda Megathrust subduction and the 
Sumatra strike-slip fault have produced many large earthquakes in the region. 
The seismic activity on the Sumatra strike-slip fault is relatively weak 
compared to the activity on the Sunda Megathrust subduction zone. There has 
been no great earthquake (M>8.0) along the Sumatra fault system. In recent 
years, two large earthquakes occurred inland on Sumatra Island along the 
Sumatra strike-slip fault. These were the 1994 Liwa earthquake (Ms 7.2) that 
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killed about 210 people, and the 1995 Kerinci earthquake (Ms 7.0) that killed 
about 80 people (USGS). In contrast, several great (Mw>8.0) earthquakes (e.g. 
1933, 1881, 1977, 2004, 2005, etc) occurred due to the activity of the Sunda 
Megathrust subduction zone and some of them have caused devastating 
tsunamis (Newcomb et al., 1987)  
7.2.2 Tsunami sources in the Sunda Arc region 
 Historical tsunami records indicate that Sunda Arc (principally the 
western coast of Sumatra) has been attacked by several large tsunamis caused 
by mainly by earthquake and a few by volcanic activities. The large tsunamis 
that attacked the Sumatra-Java region include, among others, the 1797 West 
Sumatra tsunami, the 1833 (Mw 8.7) Bengkulu tsunami, the 1861 (Mw 8.5) 
(Newcomb et al., 1987), West Sumatra tsunami, 1881 Nicobar earthquake (Mw 
7.9) that occurred north of Sumatra (Ortiz et al., 2003), the 1883 Krakatau 
tsunami (by Krakatoa volcano eruption), 1992 Flores tsunami, the 1994 East 
Java, the 1996 Sulawesi, the 1996 Biak, 2000 Bengkulu (Mw 7.9) and the 2004 
Aceh earthquake (Mw 9.0), 2005 Nias earthquake (Mw 8.6) and 2006 Java 
earthquake (Mw 7.7). The location of these major tsunami sources are shown 
in Fig. 7.4. The 1861 event ruptured much of the subduction zone along the 
west coast of Sumatra, south of the 2005 fault rupture. The 1979 and 1833 
earthquakes caused huge tsunamis flooding western Sumatra.  However, 
over the past 500 years, there had never been a major tsunami on  the section 
of the plate boundary that broke in 2004.The largest previous event on this 
section was in 1881, when Mw 7.9 earthquake in the Andaman Islands caused 
a modest 1 m tsunami recorded on the tide gauges in Chennai, India (Ortiz et 
al., 2003). Further back in time, the plate boundary to the north of the 1881 
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fault rupture broke in a great earthquake along the whole of the western 
Arakan coast of Myanmar in 1762, causing significant coastal uplift and a 
moderate tsunami (2 m) in the northern Indian Ocean (Cummins 2007).  
 Earthquakes are not the only triggers of tsunamis in Sunda Arc. A 
ocean-wide tsunami occurred in the region in 1883, when a volcanic eruption 
suddenly collapsed the island volcano of Krakatau (located between Sumatra 
and Java), causing the deadliest tsunami in the region prior to 2004. Over 
36,000 died from that tsunami, which had a maximum run-up height of 40 m 
along the surrounding shorelines of the nearby islands.  
The 2004 Aceh earthquake produced the most prominent tsunami in 
the Indian Ocean in recorded time. Since the 1980s, scientists knew that the 
Sunda subduction zone, which caused the 2004 Aceh earthquake, continues 
northward through the Bay of Bengal and along the Myanmar coast 
(Geotimes, 2007). But since the previous data from that region did not show 
any active subduction, the danger of large earthquakes was considered to be 
nominal. This led to relatively little concern about the subduction zone in this 
region.  
 Although the Sunda Arc is highly prone to tsunami disaster and it has 
suffered from several large tsunamis, the nature of tsunamigenic earthquakes 
in this region is not well understood. This is partly because the historical 
tsunami data in the region is limited. In the recent years several tsunami 
catalogues have become available. Latief et al. (2000) have developed a 
tsunami catalog for the Indonesian region, while Gusiakov (2002) has 
developed the tsunami database for the entire Pacific Ocean region. These 
catalogues along with others have been used by Novosibirsk Historical 
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Tsunami Database, HTDB (Tsunami Laboratory in Novosibirsk, Russian 
Academy of Sciences), and National Geophysical Data Center 
(NGDC/NOAA) to develop a world-wide tsunami event database, which was 
already discussed in chapter 3.  
 The database of tsunamigenic earthquakes can provide good guides on 
where tsunamis occurred in the past and where they are like going to take 
place in the future. The next section attempts to analyze the nature of 
tsunamigenic earthquakes in the Sunda Arc region using the available 
historical data for the region. 
7.2.3 The nature of tsunamigenic earthquakes in Sunda Arc region 
 A tsunami database has been developed from Sunda Arc using the 
catalogues of Novosibirsk Historical Tsunami Database (HTDB, Tsunami 
Laboratory in Novosibirsk, Russian Academy of Sciences), National 
Geophysical Data Center (NGDC/NOAA) and several other published works. 
The database consists of information on, among others, date, location of the 
source, earthquake magnitude, tsunami magnitude, tsunami intensity (on 
Soloview-Imamura scale), maximum run-up height (Hmax), fatalities and 
reliability of the data. The reliabilities were classified into 5 categories, i.e. 4 
for definite tsunami, 3 for probable tsunami (probability about 75%), 2 for 
questionable tsunami (probability 50%), 1 for very doubtful tsunami 
(probability 25%), and 0 for unknown tsunami. In this study only tsunami with 
reliabilities 3 and 4 were selected. Based on these criteria, there were 47 
tsunamis by earthquakes and 2 tsunamis by the volcano (including 1883 
Krakatau eruption) that occurred from 1770 to 2007 in the Sunda Arc region 
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(bounded by longitudes 90oE to 120oE and latitudes 15oS to 15oN) as shown in 
Table 7.1 and Fig. 7.5.  
 The earthquake magnitude, focal depth, and the empirical relationship 
between tsunami intensity (I) and earthquake magnitude (M) for the 
tsunamigenic earthquakes in Indonesia for the period from 1770 to 2007 
(Table 7.1) were analyzed. The earthquake magnitudes (M) vary from 5.6 to 
9.0 with 7 events of unknown magnitude. Fig. 7.6 shows the histogram of the 
tsunamigenic earthquake magnitude (M) distribution for the known events. It 
shows that about 87% of tsunamis in the Sunda Arc region were generated by 
earthquakes with magnitude M>6.0, where about 41% were generated by 
moderate earthquakes (M=6.1~7.0), about 33% were generated by large 
earthquakes (M=7.1~8.0), and only 13% were generated by great earthquakes 
(M> 8.0). This suggests that most of the tsunamis in the region were generated 
by moderate to large earthquakes (i.e. M=6 to 8). This characteristic is 
consistent with findings by Iida (1958), who suggested that a tsunami could be 
generated by earthquake with magnitude M>6.0 using Japanese tsunami data. 
For the same set of earthquakes, Fig. 7.7 shows the histogram of the 
earthquake focal depth distribution. The focal depths of tsunamigenic 
earthquakes vary from 10 to 150 km. There were 12 tsunamigenic earthquakes 
with unknown focal depths. About 91% of the tsunamigenic earthquakes have 
focal depth less than 100 km and 60% have focal depths less than 40 km.  
 Focal depths are important for evaluation of the tsunamigenic potential 
because deeper earthquakes cannot break the seafloor and therefore, are less 
likely to cause tsunamis. Fig. 7.8 shows the relationship between tsunami 
intensity (I) on Soloview-Imamura scale and earthquake magnitude (M) for 
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the tsunamigenic earthquakes in Sunda Arc region. The tsunami intensity (I) is 
defined as I=0.5+log2(Havg), where Havg is average tsunami wave height (in 
meters). The empirical relationship between the tsunami intensity (I) and the 
earthquake magnitude (M) for the Sunda Arc region can be written as: I = 
0.53M–2.00.  
 Next, the Manila Trench, another potential tsunami source for 
Singapore, was investigated.  
7.3 Manila Trench  
7.3.1 Tectonics and seismicity of Manila Trench  
 Following 2004 Aceh tsunami, USGS investigated the potential risk of 
tsunami along the entire Pacific subduction zones and had identified the 
Manila Trench as a high tsunami risk zone (Fig. 7.9). This Manila Trench 
subduction zone can rupture and generate large tsunamis that will have 
significant impacts on the countries in the South China Sea region including 
China, Vietnam, Cambodia, Thailand, Malaysia, Singapore, Indonesia, 
Philippines and Taiwan (Fig. 7.10). The subduction megathrust under the 
Manila Trench has been accumulating strain over a period of 440 years or 
more, and could be the source for a giant earthquake of Mw 9 (Megawati, 
2009b). This region is rich in natural and human resources and is expected to 
experience significant economical development and growth in this century. 
Thus, a tsunami effect could prove costly. Thus, the fault segmentation and 
quantification as was done for Sunda Arc was undertaken for Manila Trench 
and this work was done mainly by NTU but reviewed here for completeness 
sake. 
Chapter 7: Data-driven Method of Tsunami Forecasting  
 202 
 Recent attention on early tsunami warning system development and 
hazard mitigation efforts have been primarily focused on Indian Ocean 
following the 2004 tsunami. Potential devastating tsunami disasters in the 
South China Sea region have been overlooked. At Manila Trench, the 
Eurasian plate subducts eastward under the Luzon volcanic arc on the 
Philippine Sea plate. Convergence at the Manila Trench was estimated at 5 
cm/yr in Taiwan, to 10 cm/yr near Luzon (Rangin et al., 1999; Galgana et al., 
2007). The Manila Trench extends from southern Taiwan to Mindoro Island in 
the Philippines, with a north-south length of approximately 1000 km.  This 
subduction zone is associated with frequent earthquakes. Key geologic 
structures in the Manila Trench region are shown in Fig. 7.11. The Manila 
Trench is thrust faulting and its whole segment from 12oN (around Mindoro) 
to 22oN latitude (southern Taiwan) is tectonically active (Bautista et al., 2001). 
Bautista et al. (2001) made cross-sections through the Manila Trench and 
showed that the slab dip is about 10o to 45o at shallow depths and it steepens 
gradually southward. The subduction is being bent as it subducts downward in 
the depth of 200 km (Bautista et al., 2001; Zhu, 2005). 
 However, Manila Trench is about 2200 km away from Singapore and 
may appear to pose little tsunami danger to Singapore. But with a possible 
rupture length of 1000 km, a hypothetical Manila Trench event would be 
comparable to the 2004 Aceh event, where tsunami devastated up to 8500 km 
from the epicenter (Titov et al, 2005). Therefore, Manila Trench is important 
source of tsunami in the South China Sea.  
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7.3.2 Tsunami sources in South China Sea 
  In China, records of tsunamis started as early as 47 B.C. (“Difang-
Zhi” or Local History). However, in the case of the Philippines, the oldest 
records that can be traced only extend to the 17th century. To date, there is no 
scientific confirmation about palaeo-tsunami evidences along the shore of 
Vietnam. As for Malaysia, only 3 noteworthy tsunami records since the 19th 
century exist in the historic tsunami database in the National Geophysical Data 
Center, NOAA. The tsunami records from China and the Philippines are 
discussed.  
(a) Historical tsunami records from China   
 The eastern coast of China is vulnerable to earthquake-generated 
tsunami in the East China Sea. The first recorded tsunami in China occurred in 
Bohai Sea in the year 173 (Fig. 7.12). One exceptional tsunami occurred in 
1076, which inundated Haiyang and Chaoyang – on the mainland west of 
modern day Hong Kong (Yang et al., 2005). From the 12th century, the 
economic center of China gradually shifted southwards and records of tsunami 
in these regions also significantly increased. In total, 31 tsunami events were 
recorded (Table 7.2 and Fig, 7.12). Below are details of some of the prominent 
tsunami events in the period from 12th to 19th century. 
• June 1341  
This event occurred in East China Sea. Water rose all the way from 
river mouth of the Yangtze River up to 200 km upstream; more than 
1,600 people were killed. The disaster area included the current 
locality of Shanghai. The source of this event is unknown (Wu, 2006). 
• July 13, 1605 
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A magnitude 7.5 earthquake occurred in eastern Hainan. This event 
was later referred to as “Ziongshan strong earthquake”, and more than 
3,000 people were drowned during this event. There is some dispute 
between scholars as to its source (Xu, 2006). 
• January 1661 
A magnitude 6.5 earthquake occurred in southern Taiwan, and 
aftershocks lasted more than 3 hours. According to Herport (1930), 
there were fierce vibrations within the harbor and the water was even 
propelled high into the air at one point. However, the cause of the 
tsunami was not clearly described. 
• July 25, 1668  
A magnitude 8.5 earthquake took place in the vicinity of Tancheng, 
which is located in the southern Shandong Peninsula, east China in 
Yellow Sea (Li et al., 2003). This earthquake killed 50,000 people. 
Certain papers in the literature mentioned the occurrence of tsunami on 
the east coast of China and the western coast of the Korean Peninsula 
(Wang et al., 2006). However, there is no detailed description of the 
tsunami itself, such as its wave height.  
• September 1721 
A magnitude 6 earthquake is thought to have happened in Tainan, 
southwestern Taiwan. The “Difang-zhi” (“Local History”) recorded the 
event (Wang et al., 2006). 
• May 22, 1781  
This tsunami event, which took place in Kaohsiung, southwestern 
Taiwan, is probably the most clearly documented, as well as the most 
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devastating. One travel note written in Chinese mentioned what 
happened (Wang et al., 2006). The event was also recorded by a 
Japanese historiographer, Hanetori (Wang et al., 2006). As Taiwan was 
occupied by Dutch in the 18th century, the event also appears in many 
Dutch records. Some documents even mentioned more than 40,000 
casualties (Wang et al., 2006). Despite the severity of this event, no on-
land or near-shore earthquake was ever recorded. Thus the possibility 
remains that generation was due to far-field earthquakes or other 
sources. 
• December 16, 1866  
According to Spanish traveler Alvarez (1930), there was a historic 
earthquake in Kaohsiung, which caused about 1 m tsunami. 
• December 18,  1867 
This event is probably the most serious event recorded in northern 
Taiwan. Spanish traveler Alvarez (1930) mentions related phenomena 
in his book Formosa. Hsu (1981) estimated the magnitude of this 
earthquake to be M 7.0, with its epicenter relocated offshore northern 
Taiwan. The number of deaths caused by this event reached several 
hundreds. Interestingly, at about the time of the tsunami’s occurrence 
in northern Taiwan, the water level at the mouth of the Yangtze River 
was observed to drop by 1.35 m and then rise by 1.65 m (Soloviev et 
al., 1974). 
 
 Entering the 20th century, both the number and precision of tsunami 
records increased. There are about 13 tsunami events, causing less devastation 
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than the 1668 Tancheng or the 1781 Tainan events. A notable exception is the 
event that took place on February 13, 1918. This magnitude Mw 7.5 event took 
place on the southern coast of China, near the water boundary of the Taiwan 
Strait and the South China Sea. A tsunami was triggered, with a maximum 
wave height of 7.5 m and it ruined more than 500 houses, destroyed 50 boats, 
and killed 250 people (Yang et al., 2005). One year prior to this event, on 
January 25, 1917, there was another recorded tsunami on the same side of 
coast but 100 km to the north.  It is very interesting to see that the 1917 and 
1918 events were preceded by two events in 1640 and 1641, occurring at 
about the same area. However, there are no details about the earlier events 
(Yang et al., 2005). If the 1640 or 1641 and the 1917 or 1918 events were 
initiated by a similar source, then the timing suggests a recurrence interval of 
roughly 280 years. 
(b)  Historic tsunami records from Philippines 
 Tsunami events in the Philippines region since 1627 are shown in 
Table 7.3 and Fig. 7.13. Only earthquake-generated tsunamis with occurrence 
validity index of 3 and 4 are included in the list. The Philippine Institute of 
Volcanology and Seismology (PHIVOLCS) has carried out a project titled 
“Tsunami Hazard Assessment and Mitigation Program (THAMP) for 
Philippines” since 2001. Twenty tsunami events were reported between 1627 
and 1995, of which 8 events were in South China Sea.  Except for the 1994 
event, the rupture lengths and source parameters of these earthquakes are 
largely unconstrained. Of all the recorded earthquakes in Manila Trench, the 
August 16, 1976 earthquake (Mw 7.9) caused the greatest disaster (Stewart, 
1978). It is, however, associated not with the Philippine Trench, which is the 
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dominant tectonic feature along the eastern Philippine Islands, but with a 
much less prominent trench system in the Moro Gulf, North Celebes Sea, 
south of Mindanao. This event had a shallow focus and caused a locally 
destructive tsunami in the Gulf of Moro and in the Celebes Sea, killing about 
8,000 people. This was the worst tsunami disaster in the history of the 
Philippines. Although the earthquake had a large magnitude, surprisingly, it 
produced little ground deformation on land areas. Ninety percent of all deaths 
were the result of the tsunami. 
 Comparing tsunami records from China with those of Philippines, it is 
important to note that none of the records matched. It could be because the 
historical records from both countries are incomplete. This is especially likely 
in the case of Philippines, where the oldest record by Besana et al. (2005) only 
dates to 1627. There is also the possibility that most of the events taking place 
around the South China Sea are of relatively local scale and therefore, tsunami 
affecting China would not necessarily be recorded in the Philippines. 
7.4 Development of tsunami forecast database 
 The development of the tsunami forecast database was performed in 3 
steps as given in Tkalich et al. (2008). The first step was the construction of 
the tsunami sources and compilation of the earthquake parameters using the 
historical data and geological information. Then, the tsunami scenarios were 
computed for a large number of earthquake locations and magnitudes; and 
outputs (of arrival times and maximum wave heights at selected coastlines at 
the risked coastlines) were archived. The considered tsunami sources along the 
subduction zone of Sunda Arc and Manila Trench were divided into fault 
boxes, whose lengths are determined by the fault geometry and geological 
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structure. This approach assumes that all tsunamigenic earthquakes will 
mainly occur along the same fault line.  Finally, the Neural Network (NN) was 
used to construct the database of tsunami arrival times and wave heights 
(Tkalich et al., 2008; Romano, et al. 2009). These three steps are presented.  
7.4.1 Construction of tsunami sources and source parameters  
 In this study, two domains were considered for tsunami forecasting. 
The first one included the Indian Ocean, Java Sea and Singapore waters which 
are vulnerable to tsunamis generated by subsea earthquakes at the Sunda Arc. 
The second area included the South China Sea and Singapore waters, which 
are affected by tsunamis from the Manila Trench. The earthquake sources 
were considered to be aligned along Sunda Arc and Manila Trench. It was 
assumed that all tsunamigenic earthquakes would mainly occur along the same 
fault line. In addition, certain earthquake parameters are geologically 
constrained. For instance, the strike of the fault usually aligns along the trench 
for large earthquakes and the focal depth is also affect by the geology. Then 
the Sunda Arc and Manila Trench were segmented into boxes (based on 
historical seismicity, fault geometry and aerial maps) along the subduction 
zones. The Sunda Arc was divided into 30 segments as shown in Fig. 7.14 and 
these boxes were further subdivided into 57 boxes (Fig.7.15). The Manila 
trench was divided into 32 boxes (Fig. 7.16) by NTU (Megawati et al, 2008). 
Each of the boxes is rectangular shaped for simplicity. But it must be noted 
that fault geometry is often very complex and may not be rectangular panels 
and simple as these boxes. Nevertheless, a quick estimation of the tsunami 
could be made using these segmented faults.   
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 The destructive power of a tsunami at the shoreline depends on the 
amount of water displaced at the earthquake source, which in turn, depends on 
the fault parameters. An elastic deformation source model (Okada, 1985) was 
applied to determine initial tsunami wave height profile with the input of 
earthquake parameters (i.e. earthquake epicenter location, fault’s length and 
width, average slip, fault’s orientation parameters, focal depth and rupture 
duration). Therefore, for each fault box (in Fig. 7.14 to Fig. 7.16), a complete 
set of the fault parameters was developed (Table 7.4 & Table 7.5).  
 The focal mechanism parameters are obtained from Harvard Centroid 
Moment Tensor (CMT) solutions and USGS. Fault extents and slip magnitude 
can be estimated from the empirical magnitude relations. A variety of 
statistical methods are available to derive the empirical relations as given in 
Appendix E (e.g. Ward, 1980 and 2005; Wells et al., 1994). But in this study 
Ward’s empirical relations are used to derive earthquake’s rupture dimensions 
using an average shear modulus (μ) of 40 GPa. In reality, shear modulus could 
vary widely in the crustal rocks. Furthermore, an earthquake source could 
contain multiple sub-faults with complex slip distributions. Obtaining all 
details of the earthquake source could take months of analyses using high 
quality data. Thus, simple empirical relationships are used for rapid tsunami 
forecasting. The aftershocks could also be used to constrain the fault size. 
7.4.2 Computation of tsunami arrival times and maximum wave heights 
 Using the earthquake source parameters (Table 7.4 & Table 7.5) and 
some probable permutations of rupture scenarios for hypothetical earthquakes 
along the Sunda Arc and Manila Trench, tsunami propagation model (i.e. 
TUNAMI-N2) was run (by TMSI) to compute the tsunami arrival times and 
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wave heights at selected points in the domains. The output database was saved 
and used for training and testing with tsunami records at the tides stations and 
buoys. To prevent the number of scenarios from growing too large, only 
certain permutations of fault boxes were chosen. The TMSI selected the 
following tsunami scenarios: 
• Sunda Arc: One box  ruptures individually with 4 different slip 
magnitudes (10, 20, 30 and 40 m). 57 individual boxes rupturing 
(boxes 101 to 130, 202 to 228) as shown in Fig. 7.15. 57 tsunami 
scenarios for each slip magnitude (Total 57x4=228 scenarios). 
• Sunda Arc: Every 3 continuous boxes rupture simultaneously with 
4 different sets of slip magnitudes with 3 patterns of rupture (Fig. 
7.17):  
à Pattern 1 (Maximum slip in the middle and smaller slips on 
the sides: 5m-10m-5m, 10m-20m-10m, 15m-30m-15m, 
20m-40m-20m). 33 groups of 3-boxes rupturing (boxes 101 
to 119 and boxes 202 to 219). 33 scenarios for each set of 
slip magnitude (Total 33x4=132 scenarios) 
à Patterns 2 (Maximum slip on one side and smaller slips 
towards the other side: 10m-5m-5m, 20m-10m-5m, 30m-
15m-7m, 40m-20m-10m) 33 groups of 3-boxes rupturing 
(boxes 101 to119 and boxes 202 to 219). (Total 33x4=132 
scenarios) 
à Pattern 3 (Maximum slip on one side and smaller slips 
towards the other side: 5m-5m-10m, 5m-10m-20m, 7m-
15m-30m, 10m-20m-40m) 33 groups of 3-boxes rupturing 
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(boxes 101 to119 and boxes 202 to 219). (Total 33x4=132 
scenarios) 
• Sunda Arc: Every 5 continuous boxes rupture simultaneously with 
4 different sets of slip magnitudes, with 3 patterns of rupture. 28 
groups of 5-boxes rupturing (boxes 102 to 219 and boxes 202 to 
219). 28 scenarios for each set of slip magnitude and each slip 
pattern. (Total 28x4x3=336 scenarios) 
• Manila Trench: Every 9 pairs of box rupture simultaneously with 4 
different sets of slip magnitudes, with 3 patterns of rupture. 8 
groups of 18 boxes rupturing (boxes 411 to 426 and boxes 511 to 
526). 8 scenarios for each set of slip magnitude and each slip 
pattern. (Total 8x4x3=96 scenarios) 
• Manila Trench: 16 pairs of box rupture simultaneously with 4 
different sets of slip magnitudes, propagating in pattern 1 only (to 
account for extremely large earthquakes). Only 1 scenario for each 
set of slip magnitude. (Total 4 scenarios).  
 A total of 1060 tsunami scenarios were simulated with their sources 
oriented along the Sunda Arc and Manila Trench and output (of arrival times 
and maximum wave heights) was saved. The study domain ranges from 
77.77390oE to 136.645980oE in longitude and from 23.3710oS to 24.271160oN 
in latitude (as shown in Fig. 7.18). The domain grid size used is 2 minutes 
(approximately 4 Km). This translates into 2,526,810 grid points which 
requires very large computing resources. To reduce requirements on 
computing resource, the grid points are reduced mainly in the deep water 
regions and no reduction was made close to the coasts.  
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7.4.3 Developing of tsunami database using Neural Network technique  
  The main purpose of the pre-computed database (of arrival times and 
wave heights at the risked coastlines) is to provide tsunami forecasting as 
quickly as possible (without having to run the numerical simulations) after the 
occurrence of a tsunamigenic earthquake. Neural Network (Appendix F) was 
able to construct the tsunami database using from the outputs from TUNAMI-
N2-NUS as shown by collaborating researchers from TMSI (Tkalich et al., 
2008). The variable source input parameters for tsunami forecasting are as 
shown in Table 7.6. The rupture extent is determined by the number of boxes 
selected, depending on the earthquake magnitude. Rupture pattern and slip 
magnitude can be selected while rest of the parameters (like strike, dip, rake, 
focal depth, etc.) are fixed according to the box number. This NN technique is 
able to extract patterns of rupture according to input that exist in a given 
dataset and form a relationship between input and pre-computed output (of 
tsunami wave travel time and maximum wave height).  
7.5 Results  
 The discrepancies in the outputs (of tsunami arrival times and 
maximum wave heights) between the hard computing (from TUNAMI-N2-
NUS) and soft computing (from NN called NN TUNAMI) are illustrated for 
fault box 103 (of Sunda Arc) for 1, 3 and 5-box ruptures (in Fig. 7.19 to Fig. 
24 from Tkalich et al., 2008). The discrepancies in arrival times and maximum 
tsunami wave heights between the TUNAMI-N2-NUS results and those from 
NN model are given as errors. 
 The well-trained NN model is able to closely mimic the performance 
of TUNAMI-N2 with acceptable accuracy and be able to produce results in 
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seconds. The ability of NN to mimic results from TUNAMI-N2-NUS is also 
accompanied with NN’s exceptionally short computational time. This is 
critical for operational tsunami forecasting. 
7.6 Concluding remarks 
 The development of data-driven tsunami forecasting method was labor 
intensive. It was initiated and developed together with other researchers (from 
TMSI) collaborating on this project (Tkalich et al., 2008). Here, the main is to 
combine the information of historical earthquakes with Neural Network (NN) 
technique to generate tsunami scenarios for rapid tsunami forecasting. In the 
real time analysis, when an earthquake occurs, its epicenter location and 
magnitude are quickly determined (for e.g. by programs like Antelope). Other 
fault parameters necessary for tsunami modeling like fault orientations (strike, 
dip and rake) and focal depth are compiled for each fault segment using 
historical data while fault dimensions could be obtained using empirical 
existing relationships. Having estimated the source parameters, the 
corresponding tsunami scenarios can be obtained from the pre-computed 
database in seconds using the data-driven method. Additionally, actual 
simulations (using TUNAMI-N2-NUS, MOST, etc) can also be run to 
compute the exact values of travel times and wave heights to update and 
enhance the forecast results. However, the accuracy of the input source 
parameters might come into question. In fact, there is a tradeoff between time 
and accuracy. This issue is discussed in the next chapter, which deals with a 
possible method of computing the earthquake source parameters near real-
time.    
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Table 7.1. Historical tsunami events between latitude 15oS-15oN and longitudes 90oE-120oE 
with tsunami occurrence validity 3 to 4 (49 events) for Sunda Arc region. Iida Magnitude, 
m=log2(Hmax) and Tsunami Intensity, I=0.5+log2(Havg), where where Hmax and Havg are 
maximum and average tsunami wave heights, respectively. (Source: NGDC, NOAA and 
HTDB) 
 










Intensity Fatalities Region 
1770             -5.000 102.000       0.5     
1797 2 10         -1.000 100.000       3.0 300 W. Sumatra 
1815 4 10       Vol. -8.200 118.000   3.5 1.8 1.5     
1815 11 22       7.0 -8.000 115.200 150 2.0 1.0 1.5 1,200   
1818 3 18       7 -3.767 102.267       1.5     
1820 12 29         -5.100 119.400 80 16.0 4.0 3.5 500   
1833 11 24       8.2 -3.500 102.200 75     2.5     
1843 1 5       7.2 1.500 98.000 70     2.0     
1847 10 31         7.333 93.667             
1851 5 4         -5.000 105.000   14.9 3.9 1.5     
1857 5 13       7 -8.000 115.500 50 3.0 1.6 2.0     
1861 2 16       8.5 -1.000 97.900 70 7.0 2.8 3.0 1,105 Bengkulu 
1861 3 9       7 0.000 98.000 20     2.0 750   
1861 4 26       7 1.000 97.500 70     1.5     
1861 6 17       6.8 1.000 97.500       0.5     
1861 9 25       6.5 -1.500 100.000       1.5     
1868 8 19         11.670 92.730   4.0 2.0       
1881 12 31        7.9 9.000 92.000   1.2 0.3     N. Sumatra 
1883 8 27 2 59   Vol. -6.102 105.423   35.0 5.1 5.0 36,000 Krakatua 
1889 11 23       6.0 -7.000 113.500       1.0     
1892 5 17 12 10     2.500 99.500 60     1.0     
1907 1 4 5 19 12 7.6 2.000 94.500 60 2.8 1.5 2.0 400   
1908 2 6       7.5 -5.000 100.000 130 1.4 0.5 1.0     
1917 1 21 23 11 34 6.6 -7.000 116.000 33 2.0 1.0       
1921 9 11       7.5 -11.000 111.000 25 0.2 -2.3       
1927 12 1 4 37 27 6.3 -0.700 119.700   15.0 3.9 3.0 50   
1930 6 19       6 -5.600 105.300 33 0.7 -0.5       
1931 9 25 5 59 44 7.4 -5.000 102.750 87 1.0 0.0       
1938 5 19 17 8 21 7.6 -1.000 120.000   3.0 1.6   17   
1941 6 26 11 52   7.6 12.500 92.500 33       5,000   
1957 9 26       5.6 -8.200 107.300 33 0.7 -0.5       
1964 4 2 1 11 51 7.0 5.800 95.400 133 0.7 -0.5       
1967 4 11 5 9 12 5.6 -3.700 119.300 19 3.0 1.6 1.5 13   
1967 4 12 4 51 50 6.1 5.500 97.300 17 2.0 1.0 1.5     
1968 8 14 22 14 19 7.8 0.200 119.800 17 10.0 3.3 3.0 200   
1969 2 23 0 36 57 6.9 -3.100 118.900 60 4.0 2.0 2.0 600   
1977 8 19 6 8 55 8 -11.085 118.464 33 15.0 3.9 3.0 189   
1982 2 24 4 22 40 5.6 4.374 97.755 52 0.1 -3.3       
1992 12 12 5 29 26 7.8 -8.480 121.896 16 26.2 4.7 2.7 2,100 Flores  
1994 2 15 17 7 44 6.9 -4.967 104.302 23 0.1 -3.3   7 East Java  
1994 6 2 18 17 34 7.8 -10.477 112.835 18 13.9 3.8 2.5 250   
1994 6 3 21 6 60 6.6 -10.362 112.892 26 3.7 1.9       
1996 1 1 8 5 11 7.9 0.729 119.931 24 3.4 1.8 1.8 9 Sulawesi  
1996 2 17 5 59 30 8.1 -0.891 136.952 33 7.7 2.9   107 Irian Jaya 
2000 6 18 14 44 13 7.9 -13.802 97.453 10 0.3 -1.7     Bengkulu 
2002 9 13 22 28 29 6.5 13.036 93.068 21     0.0     
2004 12 26 0 58 53 9 3.295 95.982 10 34.5 5.7 4.5 275,000 Aceh 
2005 3 28 16 9 37 8.7 2.085 97.108 30 2.0 1.6 1.5 10 Nias 
2005 4 10 10 29 11 6.7 -1.644 99.607 30 0.4 -1.3       
2006 7 17 8 19 29 7.7 -9.254 107.411 10 10.0 3.3 2.0 700 Java 
2007 9 12 11 10 27 8.4 -4.438 101.367 30 1.0 0.0 1.0     
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Table 7.2. Historical tsunami events between latitude 18oN-38oN and longitudes 109oE-124oE 
with tsunami occurrence validity 3 to 4 (31 events) covering East China Sea and northern part 
of South China Sea 
 













173 6 28          37.500 120.000     1.0 1.0   
1076 10 31           23.300 117.000           
1341              31.500 121.000         1,600 
1344 7            28.000 120.500           
1555              31.000 121.500           
1509 6 17          31.500 121.500       4.0   
1605 7 13          19.000 111.000         3,000 
1640 9 16        5.8   23.470 117.250           
1641 9         5.8   23.370 117.140           
1661 1 8           21.500 120.000           
1668 7 25       8.5  35.300 118.600         50,000 
1670 8 19       6.7  33.000 122.500     1.0 1.5 3 
1721             23.000 120.000         2,000 
1754 3 31        6.0   25.300 121.400       0.5   
1781              22.000 120.000         40,000 
1862              21.500 30.000           
1866 12 16          21.000 120.000           
1867 12 18       7.0  25.500 121.700     2.0 2.0 hundreds 
1917 1 25       6.5  24.040 118.050     1.0 1.0   
1917 5 6 12 19   5.8  23.200 121.600 33 0.50 -1.0 -0.5   
1918 2 13 6 7 13 7.3 7.5 23.720 117.590   7.50 1.0 -1.0 250 
1951 10 22 5 43 1  7.3 23.800 121.700   0.30       
1963 2 13 8 50 5  7.3 24.400 122.100 62 0.20 -2.3 -2.0 15 
1966 3 12 16 31 22  7.6 24.100 122.600 28 0.10 -3.3     
1970 9 30 9 52 23  5.3 20.600 122.000 15     0.5   
1972 1 25 2 6 23  7.5 22.500 122.300   0.05 -3.3 -2.0   
1978 7 23 14 42 37 7.4 7.2 22.280 121.510 17 0.10 -1.0 -2.0   
1986 11 14 21 20 11 7.8  7.8 23.900 121.570 33 0.20   -2.0   
1990 12 13 19 50 18  6.3 23.722 121.627 10 0.04       
2001 12 18 4 2 58  6.8 23.954 122.734   0.12       
2002 3 31 6 52 50  7.1 24.279 122.179 32 0.20       
 
  
Table 7.3. Historical tsunami events between latitude 6oN-22oN and longitudes 116oE-127oE 
with tsunami occurrence validity 3 to 4 (20 events) for Manila Trench region 
 











1627 9 14       8.0 16.000 121.000     2.0 3.5   
1863 6 3 11 20   6.5 14.500 121.000     1.0 1.0 300 
1872 1 26       6.0 16.000 119.000       1.5   
1880 7 18 4 40   7.5 15.000 121.500 100       20 
1911 1 27       Volcano 14.000 121.000           
1925 5 25 3 43 6 6.3 12.200 122.100 35   -0.5 0.5 428 
1928 6 15 6 13   7.0 12.400 120.900 45 1.0       
1934 2 14 3 59 34 7.6 17.500 119.000 15         
1937 8 20 11 59 16 7.5 14.500 121.500 8 1.4 0.5   1 
1949 12 29 3 3 54 7.2 18.000 121.000 33   1.0 1.5 1 
1968 8 1 20 19 22 7.3 16.500 122.200 50 0.3 -1.7   216 
1970 4 7 5 34 5.6 7.3 15.780 121.710 30   1.0 1.0 14 
1970 9 30 9 52 23 5.3 20.600 122.000 15     0.5   
1973 3 17 8 30 52 7.0 13.400 122.800 33 1.3       
1975 10 31 8 28 2.6 7.2 12.540 125.993 50 4.0 -0.7 -1.5 1 
1976 8 16 16   7.9 6.100 124.000 15 4.5   8,000 
1983 8 17 12 17 56 6.6 18.231 120.860 28 0.1     24 
1988 6 24 2 6 26 5.4 18.606 121.013 53 1.0       
1994 11 14 19 15 31 7.1 13.525 121.067 31 7.3 2.9 2.1 78 
1995 4 21 0 34 46 7.2 12.059 125.580 23 0.2 -3.3 -2.0 0 
 




Table 7.4. Input parameters for tsunami modeling for Sunda Arc. Note that seismic moment 



















301 20 25 80 15 2.21E+20 7.5 89 1.8 35 
302 20 25 80 15 2.21E+20 7.5 89 1.8 35 
303 30 25 80 15 3.94E+19 7.0 50 1.0 20 
304 15 20 80 15 3.94E+19 7.0 50 1.0 20 
305 5 20 90 12 3.00E+18 6.3 21 0.4 8 
306 0 35 90 12 2.20E+18 6.2 19 0.4 7 
307 340 50 90 12 8.88E+18 6.6 31 0.6 12 
308 350 27 60 14 7.23E+19 7.2 61 1.2 24 
309 360 30 90 12 1.20E+19 6.7 34 0.7 13 
310 280 30 87 16 1.31E+18 6.0 16 0.3 6 
311 310 10 87 29 3.95E+22 9.0 501 10.0 197 
312 280 16 95 23 9.01E+19 7.2 66 1.3 26 
313 300 25 50 15 2.09E+19 6.8 41 0.8 16 
314 315 15 80 30 3.33E+19 7.0 47 0.9 19 
315 320 30 60 15 1.02E+20 7.3 69 1.4 27 
316 290 10 90 30 7.46E+20 7.9 134 2.7 52 
317 300 15 75 35 1.15E+19 6.6 33 0.7 13 
318 270 45 90 25 1.72E+19 6.8 38 0.8 15 
319 270 20 70 25 7.65E+18 6.5 29 0.6 11 
320 290 15 100 28 1.10E+18 6.0 15 0.3 6 
321 160 60 90 20 3.44E+19 7.0 48 1.0 19 
322 280 40 60 15 5.82E+18 6.4 27 0.5 10 
323 300 35 70 15 8.81E+18 6.6 30 0.6 12 
324 260 15 85 6 6.24E+20 7.8 126 2.5 49 
325 290 12 65 8 2.21E+20 7.5 89 1.8 35 
326 300 20 70 20 3.51E+21 8.3 224 4.5 87 
327 310 30 90 12 3.94E+19 7.0 50 1.0 20 
328 300 30 70 30 1.57E+20 7.4 79 1.6 31 
329 260 35 90 20 3.94E+19 7.0 50 1.0 20 
330 250 50 80 15 2.21E+20 7.5 89 1.8 35 
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411 325.20 27.96 90.00 0 - 15 1.01E+20 7.27 52.04 5 38.68 
412 318.66 17.03 90.00 0 - 15 4.72E+20 7.72 58.77 12 66.93 
413 332.40 15.13 90.00 0 - 15 6.07E+20 7.79 66.85 12 75.67 
414 0.26 16.82 90.00 0 - 15 5.74E+20 7.77 70.87 12 67.52 
415 7.39 28.49 90.00 0 - 15 7.33E+20 7.84 69.80 28 37.51 
416 5.85 25.20 90.00 0 - 15 7.14E+20 7.84 59.14 28 43.14 
417 355.99 21.63 90.00 0 - 15 7.61E+20 7.85 53.25 28 51.06 
418 358.34 18.57 90.00 0 - 15 1.02E+21 7.94 56.82 30 60.09 
419 2.50 16.06 90.00 0 - 15 1.25E+21 8.00 59.63 30 69.93 
420 16.26 16.94 90.00 0 - 15 1.80E+21 8.10 78.11 35 65.90 
421 40.34 15.49 90.00 0 - 15 2.48E+21 8.20 86.02 40 72.16 
422 35.93 14.04 90.00 0 - 15 2.16E+21 8.16 67.81 40 79.69 
423 21.46 14.91 90.00 0 - 15 1.52E+21 8.05 58.03 35 74.61 
424 352.23 8.69 90.00 0 - 15 2.61E+21 8.21 67.40 30 129.32 
425 332.43 16.27 90.00 0 - 15 1.34E+21 8.02 79.30 25 67.36 
426 339.52 19.64 90.00 0 - 15 4.51E+20 7.70 68.43 12 54.88 
511 350.29 27.96 90.00 15 - 55 1.20E+20 7.32 55.03 5 43.66 
512 324.46 17.03 90.00 15 - 55 2.26E+20 7.50 53.62 12 35.18 
513 333.58 15.13 90.00 15 - 55 1.70E+20 7.42 41.38 12 34.29 
514 334.21 16.82 90.00 15 - 55 2.47E+20 7.53 53.51 12 38.48 
515 6.67 28.49 90.00 15 - 55 1.03E+21 7.94 69.87 28 52.67 
516 12.13 25.20 90.00 15 - 55 8.25E+20 7.88 63.76 28 46.22 
517 358.80 21.63 90.00 15 - 55 8.33E+20 7.88 56.15 28 52.97 
518 4.64 18.57 90.00 15 - 55 9.91E+20 7.93 53.33 30 61.96 
519 4.06 16.06 90.00 15 - 55 1.07E+21 7.95 49.31 30 72.14 
520 4.97 16.94 90.00 15 - 55 1.84E+21 8.11 55.77 35 94.33 
521 47.57 15.49 90.00 15 - 55 2.64E+21 8.21 74.75 40 88.16 
522 37.86 14.04 90.00 15 - 55 2.60E+21 8.21 80.70 40 80.49 
523 19.45 14.91 90.00 15 - 55 2.51E+21 8.20 100.19 35 71.66 
524 14.54 8.69 90.00 15 - 55 1.68E+21 8.08 126.08 30 44.37 
525 342.91 16.27 90.00 15 - 55 1.41E+21 8.03 103.26 25 54.69 




Table 7.6. Input parameters for the database tsunami model  
 
Input Parameters Values 
Epicenter/ Rupture size Select the box/ boxes. 
Maximum Slip  Select 5-40 m 
Pattern of rupture Select 1-3  
 





















Figure 7.1. Fault systems of Southeast Asia illustrating the northwest to southeast trending 






























Figure 7.2. The simplified tectonic map of the Sumatra region showing Sunda Arc and 



































Figure 7.3. Seismicity of the Sunda Arc region with magnitude Mw>6.0 from 1976 to 2007 
(Harvard CMT solutions). Red, blue and green dots show thrust, normal and strike-slip 




























Figure 7.4. Location of major tsunami sources in Indian Ocean since 1962. The 2004 Aceh 
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Figure 7.5. Location of all the tsunami sources in the Sunda Arc region from 1770 to 2007 
with tsunami occurrence validity of 3 and 4 (source: NGDC and HTDB). 1797 and 1833 
events believed to have ruptured the same area with recurrence interval of about 36 years. 
Paleoseismic evidence shows that great earthquakes or earthquake couplets occur about every 

















Figure 7.6. Earthquake magnitude distribution of tsunami events for Sunda Arc (Indonesia) 
from 1770 to 2007 (source: NGDC and HTDB) 































































































































































Figure 7.7. Earthquake depth distribution of tsunami events for Sunda Arc (Indonesia) from 






















Figure 7.8. Tsunami intensity and earthquake magnitude (the empirical relationship between 
tsunami intensity (I) on Soloview-Imamura scale and the earthquake magnitude (M) for the 
Sunda Arc region can be written as I = 0.53M – 2.00. 















































































Figure 7.9. Tsunami source characterization for Manila Trench as part of western Pacific 

























Figure 7.10. A topographical and bathymetrical map and countries in the South China Sea 































































Figure 7.11. Plate tectonic setting of Manila Trench and its environs, showing interaction 
between Eurasian plate and Philippine Sea plate (Tkalich et al., 2008; Megawati et al., 2008) 




























Figure 7.12. Historical tsunami events with tsunami occurrence validity 3 to 4 in China 





























Figure 7.13. Historical tsunami events with tsunami occurrence validity 3 to 4 for Manila 
Trench region between latitude 6oN-22oN and longitudes 116oE-127oE (19 events) (source: 



























































































































































































Figure 7.14. Sunda Megathrust divided into 30 segments for modeling tsunami scenarios. 
Segment boundaries are thought to control the termination and initiation of fault ruptures and 
therefore limit the magnitude and rupture pattern of an earthquake. Fault segments are defined 









































































Figure 7.15. Segmentation of the Sunda Arc. The entire trench is further divided into 57 






























Figure 7.16. Segmentation of the Manila Trench into 32 boxes (Tkalich et al., 2008) 
 





Figure 7.17. Fault dislocation patterns: (a) maximum slip in the middle and smaller slip on the 
sides and (b) and (c) with maximum slip on one side and smaller slips towards the other side  
(c) Pattern III 
h 
(a) Pattern I 
h 
h 
(b) Pattern II 



































Figure 7.18. Bathymetry of the study area showing shallow waters around Singapore with 















































Figure 7.19. Plot of Arrival time for 1-box rupture (Box 103) Sunda Arc.  The top figure 
represents results from TUNAMI-N2-NUS, the middle shows results from NN TUNAMI (i.e. 






















































Figure 7.20. Plot of Maximum wave height for 1-box rupture (Box 103), Sunda Arc (Tkalich 















































Figure 7.21. Plot of Arrival time for 3-box rupture, pattern 1, Box 103 at center, Sunda Arc 
(Tkalich et al., 2008) 
TUNAMI-N2-NUS 











































Figure 7.22. Plot of Maximum wave height for 3-box rupture, pattern 1, Box 103 at center, 
Sunda Arc (Tkalich et al., 2008) 
 
TUNAMI-N2-NUS 









































Figure 7.23. Plot of Arrival time for 5-box rupture, pattern 1, Box 103 at center, Sunda Arc 
(Tkalich et al., 2008) 
 
TUNAMI-N2-NUS 












































Figure 7. 24. Plot of Maximum wave height for 5-box rupture, pattern 1, Box 103 at center, 
Sunda Arc (Tkalich et al., 2008) 
TUNAMI-N2-NUS 
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Chapter 8  
Near Real-Time Estimation of Source 




 Ideally, tsunami warning centers would require all the earthquake 
source information (i.e. fault rupture dimension, slip, fault plane orientation, 
focal depth, rupture duration, etc.) immediately after an earthquake for 
tsunami forecasting. However, in reality, only two parameters (i.e. epicenter 
location and short period magnitude) are available within about 10 minutes (if 
there are seismic stations nearby) of an earthquake.  Of these, the epicenter 
location can be determined fairly rapidly (within 15 km accuracy) but 
earthquake size varies with period. 
 In general, large earthquakes occurring in a deep sea can cause 
significant tsunamis. But not all such earthquakes cause tsunami. In recent 
years, Stein et al. (2005) and Kanamori (2007) have illustrated the importance 
of using seismic moment (Mo) to evaluate tsunamigenesis. Pelayo et al. 
(1992) reported that far-field tsunami wave heights (Hmax) scale consistently 
with Mo, and a slight change in the orientation of the fault results in a 
significant rotation in the tsunami beaming pattern. Therefore, the seismic 
moment (Mo) and focal mechanism mainly determine the tsunami generation 
and subsequent propagation. 
 The earthquakes source parameters (i.e. earthquakes magnitude, fault 
orientation, focal depth, etc.), which are essential input for modeling tsunami, 
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must be evaluated as quickly as possible. Harvard University issues source 
parameters for large earthquakes (Mw>5.5) but the information is delayed by 
several hours as teleseismic seismograms (which are less sensitive to the earth 
structure) are used for the inversion. But this is not suitable for the local/ 
regional tsunami warning due to the delay in time. Therefore, this study 
focuses on near real-time computation of the earthquake source parameters 
using regional (r < 30o) broadband seismograms for Sunda Arc (in Indonesia). 
The ultimate objective of this study is to develop a standard methodology to 
quickly obtain consistent source parameter estimates for the Sunda Arc 
earthquakes for tsunami forecasting. 
8.2 Review of Moment Tensor Inversion (MTI)  
 The method of Moment Tensor Inversion (MTI) was used to compute 
the earthquake source parameters. The concept of MTI was presented in this 
section. 
 Most earthquakes are caused by shear slip on a fault plane, which 
initiates at the hypocenter and spreads over the fault plane (Reid, 1910). The 
expansion of rupture area ),( txS  is a function of space and time. Each point 
on the rupture surface also slips by a slip vector ),( txΔ , which may be 
different at different point x. In general, these slip vectors are expected to be 
nearly parallel, but amount of slip can vary and must vary at the edges of the 
final rupture surface, where the displacement goes to zero.  
 In numerical modeling of the earthquake, the complex rupture process 
is replaced with a force system to reproduce seismic wave radiation. The 
earthquake is mathematically described either as a displacement discontinuity 
in the medium (Steketee, 1958; Okada, 1985) or in terms of equivalent body 
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forces in an intact medium (Aki et al., 1980). Moment tensor method is based 
on equivalent body forces. The derivation of the equation for the equivalent 
body force representation of the earthquake  was presented.  
 The equation of motion in terms of displacement and stress variables 
for a very small elemental volume (i.e. Cauchy’s first equation of motion 
















 represents surface forces (or traction), if  represents the 
body forces in force per unit volume (which will be zero except in the layer 
containing the source) and u represents the displacement at any point in the 
medium consisting of n-layers. This  equation states that the acceleration per 
unit density of an element within a continuum results from the application of 
surface forces and body forces. This equation (also known as vector wave 




























)( μλμρ              (8.2) 
where μ and λ are Lame’s constants and if  is equivalent body forces (Aki et 
al., 1980). The displacement ),( txu  measured at arbitrary distance x  caused 
by the seismic moment tensor distribution ijM  corresponding to a seismic 
fault S is given by: 
 )',()',;,(),( , tMttxGdtxu ijjkik ξξξ ∗= ∫∫
Σ
             (8.3) 







∂=,  is the spatial derivate of Green’s function at the source and 
∗  is the time convolution. ξ  is position vector of point source on the fault 
plane with coordinates ),,( 321 ξξξ  and x  is position vector of recording station 
with coordinates ),,( 321 xxx . For a point source, the ground displacement 
),( txuk  caused by the seismic moment tensor )',( tMij ξ  is given by: 
 )',()',;,(),( , tMttxGtxu ijjkik ξξ ∗≈               (8.4)  
where ku  denotes the 
thk  component of displacement, )',;,( ttxGki ξ  is thk  
component of the Green's function for specific force-couple orientations and 
)',( tMij ξ  is the moment tensor, which is the generalized representation of the 
double couple. The moment tensor )',( tMij ξ  represents the nine time-
dependent force couples in Cartesian coordinates system (as pair of opposing 
forces pointing in the i  direction and separated by small distance in the j  


















M                (8.5) 
The moment tensor consists of 3 dipoles and 6 couples. For the conservation 
of angular momentum (so that there is no torque/ rotation on the fault), the 
condition jiij MM = must be satisfied. Thus, matrix M  has only 6 independent 
components and it is symmetric.  
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 By assuming that all of the moment tensor components have the same 
time-dependency (i.e. synchronous source approximation), the temporal part 
of the moment tensor can then be separated such that 
  )'()'( tsMtM ijij =                  (8.6) 
where ijM  is the time-invariant moment tensor and )'(ts is the source-time 
function. Equation (8.4) then becomes: 
[ ] ijjkik MtsttxGtxu )'()',;,(),( , ∗= ξ               (8.7) 
Additionally, assuming that the equivalent forces act very simply in time i.e. 
that the source-time function is an impulse: )()( tts δ= , then the convolution of 
jkiG , with )(tδ  will be equal to itself i.e. jkijki GtttxG ,, )'()',;,( =∗δξ . Eq. (8.7) 
then can be simplified to a linear relationship between the displacement (uk) 
and the time-invariant moment tensor (Mij) that involves the spatial derivatives 
of the Green’s functions (Gki,j):  
 ijjkik MtxGtxu )0,;,(),( , ξ=                (8.8) 
This equation can be written in matrix notation as:  
  U = GM     








































































       (8.9) 
where 111 Mm = , 222 Mm = , 333 Mm = , 124 Mm = , 135 Mm =  and 236 Mm = . 
This equation is solved for the moment tensor vector M. Matrix G is 
composed of Green’s functions in the coordinate system of the station and has 
dimension n×6. Vector u is of dimension n containing recorded ground 
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displacement. Therefore, displacement )(tu is computed by linear 
combinations of Greens functions weighted by the moment tensor elements. In 
most cases 6>>n  and the system of equations is, in principle, over-
determined (i.e. more equations than unknowns).  In practice, Eq. 8.9 will be 
applied for a single event in a cluster of events with observed displacements 
from several stations (with each station having 3-component seismograms).  










ijkl mGu               (8.10) 
where .obsiu is a vector of observed displacement data for event i  containing M 
elements of the form .obsijklu where: first subscript i  indicates the event number 
and ),...,3,2,1( Ni =  where N  is the maximum number of events in the 
cluster; the second subscript j  denotes the seismic station number where 
),...,3,2,1( Pj =  and P  is the maximum number of stations used; the third 
subscript k  identifies the component of the three component sensor and 
)3,2,1(=k ; the fourth l  subscript  indicates the wave phase such that 1=l  for 
P-wave and 2=l  for S-wave. Then the Eq. (8.10) is solved for the 6 
components of moment tensor M as an inverse problem: 
 M=G-1u               (8.11) 
A synthetic seismogram (GM) is constructed mathematically as a function of 
crustal velocity structure, epicenter distance and focal depth for the 
earthquake, which is represented by a double couple. These input parameters 
and double couples (represented by moment tensor) are varied until the 
synthetic seismograms achieve a best fit to the recorded seismograms and 
moment tensors (M) are obtained.  
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8.2.1 The seismic moment tensor (Mij) 
 Moment tensor describes the double couple force in earthquake rupture 
process. It is used to model earthquake for a source, which is much smaller 
than the wavelength of the radiated seismic waves that it can be thought of as 
a point source. Fig. 8.2 illustrates schematic approximation of the earthquake 
source for mathematical modeling. Actual faulting involves complex rupture 
and frictional sliding over a fault surface that gives a space-time history of 
slipping motion as shown in Fig. 8.2(a). This can be simplified to average 
dislocation model as shown in Fig. 8.2(b), where the rupture is approximated 
as a constant slip Δ on geometrically simple fault (of length L, width W and 
rigidity μ). This is replaced by a time varying force couple applied within the 
elastic medium to simulate the dislocation as given in Fig.8.2(c). Such a force 
system would be dynamically equivalent, meaning that this produces 
equivalent seismic wave motion or radiation as an earthquake.  
 The concept of body forces is illustrated in Fig. 8.3. As explained 
earlier earthquake sources are represented by force couples, which are 
separated by a small distance d  as shown in Fig 8.3(b). The force couple can 
take two forms. One, shown for xzM has two forces f offset by distance d  
such that a torque is exerted. The other, shown for xxM is a force dipole (i.e. 
zero moment), which exerts no torque. In both the cases angular momentum is 
only conserved if there is a complementary couple balancing the forces and 
this is called a double-couple as shown in Fig. 8.3(c). Thus, a double couple is 
a pair of complementary couples that produce no net torque. The superposition 
of xzM and zxM  (in Fig. 8.3c) form a double couple with a shear. The double 
couple can be equivalently represented by a pair of orthogonal dipoles without 
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shear ( ''xxM  and '' yyM− )  along the T and P axis  (principle axes)  which are 
rotated by 45o from the fault surface.  
 Early studies on P-wave radiation pattern in the 1900s showed that its 
pattern does not fit with the forces on the fault plane represented by single 
force or dipoles. For a long time there was a debate over whether single 
couples or double couples better represent the fault. This was solved by 
Maruyama (1963), who showed that the S wave energy supported a double 
couple source. This is also intuitive, as most earthquakes are not associated 
with rotations, and a single couple would be associated with a torque. 
 The concepts of double couples, nodal planes, equivalent dipoles and 
beach ball representation of focal mechanism are illustrated in Fig. 8.4 for 
moment tensor elements 13M  and 31M for a strike-slip fault. The two couples 
13M  and 31M  form a double couple, which leads to pure shear failure when 
the stress in the rock is exceeded. Rupture will appear either in the 21xx  or 
23xx  plane. These planes are called the nodal planes.  The displacements are 
zero along the nodal planes, positive (compressional) parallel to the T-axis 
(Tension axis) and negative (dilatational) parallel to  the P-axis (Pression 
axis). The focal mechanism is represented by a “beach ball showing double 
couple” as compressional and tensional zones with two possible fault planes.  
 From the radiation pattern alone it cannot be resolved which of the 
planes ruptured (i.e. ambiguity of nodal planes). The geological fault trend or 
aftershocks are used to decide the fault plane. The ambiguity of nodal planes 
states that both the right lateral )180( o=λ  and left lateral )0( =λ  strike slip 
has the same moment tensor given by: 
































            (8.12) 
The nodal planes (i.e. fault plane and auxiliary plane) are usually arranged so 
that .21 δδ <  The focal mechanism for the other nodal plane can be obtained 
from the first plane by the following relations (Ben-Menahem et al., 1981): 
 )sin(sincos 11
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The focal mechanisms for the 3 basic types of the faults are shown in Fig. 8.5. 
Table 8.1 lists the different types of faults based on the slip angle ( λ ). The 
geometry of the fault plane used in earthquake modeling is shown in Fig. 8.6.  
 The moment tensor, ijM  can be written in an arbitrary coordinate 
system ( dn ˆ,ˆ ). The components are given by scalar moment (Mo) and 
components of nˆ , the unit fault normal vector and dˆ , the unit slip vector. 






















           (8.14) 
This formulation shows two important things. First, the interchangeability of 
nˆ  and dˆ  makes the tensor symmetric (i.e. )jiij MM = . Physically, this shows 
that the slip on either the fault plane or the auxiliary plane yields the same 
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seismic radiation patterns thus, the same moment tensor. Second, the trace (i.e. 
sum of diagonal components) of the moment tensor (M) is zero, 
,0)ˆˆ(2)(2 =⋅==∑ dnModnMoM ii
i
ii             (8.15) 
because the slip vector dˆ  is perpendicular to the normal vector nˆ . Hence 
moment tensors corresponding to slip on a fault plane have zero trace. That 
also means that displacement amplitude is zero along the fault plane. A non-
zero trace implies a volume change (explosion).  
 The unit normal vector nˆ  and slip vector dˆ  can be expressed in terms 






































































d            (8.16) 
For a double couple source, the Cartesian components of the moment tensor 
can be expressed in terms of focal mechanism parameters (φ , δ  and λ ) and 
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ijMMo ) and focal mechanism 
parameters (φ , δ  and λ ) are computed.  
8.2.2 The Green’s function and synthetic seismograms 
 The Green’s function (G) is a tensor for the waves radiated from a set 
of 3 point forces aligned in the direction of each coordinate axis. For a point 






is given by a Greens’ function ),( txG as explained in the following. The point 
force can be represented as: 
 ini xttAf δξδδ )()'( −−=               (8.18) 
where A is the amplitude of the impulse applied at ( ',tξ ) in the nx direction, 
δ is Dirac delta, )'( tt − is time, )( ξ−x is position, and n  is the direction. 
Substituting Eq. 8.18 in the equation of motion and solving for iu  (which is 
the displacement field resulting from wave motion due to a point source) gives 
the Green’s Function: 
 )',;,(),( ttxGutxu ijii ξ≡=               (8.19) 
Thus, the Green’s function is the displacement field resulting from wave 
motion due to a point source. The displacement ),( txuk  in the kx direction at a 
point x  on the surface of a layered half space due to a single point force 
),( tfi ξ  applied at ξ  on fault plane is given by:  







































∫            (8.20) 
where γ, α,  β and r are radiations, P-wave velocity, S-wave velocity and 
epicenter distance, respectively. So Green’s function gives displacement at 
point x  due to unit force function applied at ξ point.  
 Only the far-field Green’s function is conventionally used for 
modeling earth response to point source since the near-field is too complex. In 
a homogeneous media, the far-field Green’s function (which is medium’s 
response to the delta function) corresponding to single couple source (for body 

















txG ikkiikki −−+−=           (8.21) 
where )(tδ is Dirac’s delta (i.e. a unit impulse function) and kiδ is Kronecker’s 
delta (defined as kiδ =1, if k=i and 0 if k ≠ i). The first term on the right 
indicate far-field for P wave and second term for S wave. k,γ  and i,γ  are 




∂=, . The above equation can be written in 











−+=           (8.22) 
 For calculation of the radiation from double couple (i.e. moment 
tensor) source, the spatial derivative of the above equation is computed as:  
βωαω ωπρβ
γγγγδωπρα







xG −− −−+−=       (8.23) 
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Green's functions for the inversions can be computed for several layered half-
space velocity models. The theoretical ground motion is just a linear 
combination of the responses weighted by the moment tensor components 
(Aki et al., 1980). The spatial derivative of kiG  for 1=i , 2=j  can be 










∂= .           (8.24) 
The directed point forces giving rise to the Green’s functions are in the plus 
and minus 1x  directions, but are displaced in the 2x  direction by ε2 .  This is 
called a force couple. The Green’s function contains the propagation effects 
between the source ( )',tξ  and receiver ( )',tx , where ξ  is position vector of 
point source with coordinates ),,( 321 ξξξ  and x  is position vector of recording 
station with coordinates ),,( 321 xxx .  
 In general, the radiated displacement field from any moment tensor M 
(Aki et al., 1980) in time domain is given by: 
 

























































         (8.25) 
where ji γγ , and kγ  are radiation patterns and kiδ is Kronecker delta. The near-
field terms are proportional to ∫− Mr τ4 ; intermediate terms proportional to 
Mr 2− and the far-field terms proportional to Mr &1− .  
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 In the computation of the synthetic seismograms, the general force-
couples for a deviatoric moment tensor is computed for 3 fundamental faults: 
(1) o45 dip-slip fault o45( =δ , )90o=λ  evaluated at o45 source-station 
azimuth, (2) a vertical dip-slip fault o90( =δ , )90o=λ at 90o source-station 
azimuth and  (3) vertical strike-slip fault o90( =δ , )0=λ at 45o source-station 
azimuth. The last two faults correspond to moment tensor Green’s functions, 
but the first differs slightly from any of the ijM Green’s functions because it is 
evaluated at a particular azimuth. The synthetic seismograms are used as the 
basis functions to match the recorded waveforms. The computation of the 
synthetic seismograms is explained in more detail in Appendix G. The Green’s 
functions (for representative crustal models, specified source-station distance 
and focal depth) are computed by using the frequency wave-number algorithm 
(FKPROG software) developed by Saikia (1994).  
8.3 Application of regional Moment Tensor Inversion (MTI) to Sunda 
Arc earthquakes 
 The purpose of the MTI is to determine source parameters such as 
focal mechanism, seismic moment, moment magnitude, and source depth. In 
fact, the most important part of the tsunami warning system is the 
development of a robust method for earthquake source parameters retrieval. 
But currently, there is a lack of local capabilities to obtain earthquake source 
parameters in Southeast Asia.  
 Moment Tensor Inversion (MTI) is use to compute source parameters. 
Surface waves (Patton, 1980; Patton et al., 1991; Thio, et al., 1995), body 
waves (Wallace, et al, 1982; Fan et al., 1991; Dreger et al., 1993) or full 
waveforms (Walter, 1993; Ritsema et al., 1995; Zhao, 1994; Nabelek et al., 
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1995) can be used for the MTI. In this study, time-domain MTI (Dreger et al., 
2003) was applied to a set of recent earthquakes in Sunda Arc.  The method 
makes use of the full waveforms from a single or multiple stations recorded at 
regional or near-regional distances. The main goal is to obtain realistic 
estimates of source parameters quickly for tsunami forecasting. 
8.3.1 Seismic data 
 The regional broadband 3-component seismograms of selected 
earthquakes along Sunda Arc (Indonesia) are used in the MTI. Fig. 8.7 shows 
the locations of the earthquakes and the seismic stations used in this study. 
Some basic information on the seismic stations used are given in Table 8.2. 
The Harvard CMT solutions for the earthquakes investigated in the current 
study are given in Table 8.3. 
8.3.2 Waveform inversion method 
 In this study, Time-domain Moment Tensor Inversion (TMT_INV) 
code (Dreger et al., 2003) was used for inversion of complete waveform of 
regional (1o ≤ r ≤ 30o) earthquakes. The underlying code is the same as that 
used for solutions at the Northern California Seismic Network (NCSN) and F-
Net in Japan. 
 The general representation of a seismic source is simplified by 
considering both a spatial and temporal point source (Dreger et al., 1993) as: 
),,(),( , tdxGMtxu jkiijk =               (8.26) 
where ),( txuk  is the observed 
thk  component of a three-component 
broadband, low band-pass filtered displacement data recorded at distance x  
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from the event, ),,(, tdxG jki  is the 
thk  component of Green’s function for a 
specific force-couple orientation for fault with focal depth d  located at 
distance x  from the station. The Green's functions are computed using 
velocity models from CRUST 2.0 (Bassin et al., 2000), which is a global 
crustal model specified on a 2ox2o grid. The CRUST 2.0 gives 1D parameters 
(α, β, ρ) for 7 crustal layers (ice, water, soft sediments, hard sediments, upper 
crust, middle crust and lower crust) and  the upper mantle. These parameters 
were gathered from seismic experiments and averaged globally for similar 
geological and tectonic settings.  
 The crustal velocity models used for Java region and Sumatra region 
are shown in Fig. 8.8 (Table 8.4) and Fig. 8.9 (Table 8.5), respectively. The 
comparison of the two velocity models in Fig. 8.10 shows that body wave 
velocities for Sumatra region is higher than that for Java region. 
 Eq. 8.26 is solved for deviatoric moment tensor ijM  using linear least 
squares for a given focal depth. The quality of a solution is determined by the 
goodness of the fit of synthetic data, )(tgi  to the observed data, )(tui  using 
Variance Reduction (VR) defined as:  















tgtuVR              (8.27) 
where n is the number of samples and summation is performed for all 
components and stations. For each solution, the inversion is run with the point 
source depths at various levels. The optimal focal depth is determined as the 
solution, where the VR is maximized. Another measurement that is useful for 
determining source depth in regions where explosive events (like volcanoes) 
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/              (8.28) 
The resultant moment tensors ( ijM ) can be decomposed into a scalar seismic 
moment (Mo), a double couple moment tensor (DC) and a compensated linear 
vector dipole (CLVD) moment tensor. Higher DC value indicates slip on the 
fault plane while higher CLVD value indicates a complex source that deviate 
from the assumption of a shear slip. The double couple is further represented 
in terms of strike ( fφ ), dip (δ ) and rake ( λ ) of the two nodal planes.  
 The moment tensor inversion is performed as follows. The recorded 
waveform data are prepared by the following steps: (i) baseline correction, (ii) 
de-convolution to obtain ground velocities, (iii) integration to displacement, 
(iv) rotation of the horizontal components to transverse and radial 
components, (v) low band-pass filtering, and (vi) re-sampling to 1 sps. The 
end result is three displacements records )(tuk  (tangential, radial and vertical 
components) for each station. Fig. 8.11 shows the data preparation steps for 
MTI using September 12, 2007 Bengkulu earthquake (Mw 8.4) in Indonesia. 
The whole Moment Tensor Inversion (MTI) steps are schematically shown in 
Fig. 8.12.  
8.3.3 Results and discussions 
 The MTI results for the eight Indonesian earthquakes are presented.  
The effects of the velocity models and focal depth on the Variance Reduction 
(VR) and subsequent results are discussed. Finally, the MTI results from the 
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Moment from this study are compared with standard results from Harvard 
CMT solutions.  
(a) Effect of velocity model 
 The effect of the velocity model on the degree of fitting between the 
synthetic and recorded seismograms at regional distance was studied using 
July 17, 2006 Java earthquake (Mw 7.7). The seismic signal recorded at station 
BTDF in Singapore was used as the input signal. The synthetic waveform was 
computed with a fixed depth of 10 km. Both the recorded and synthetic 
waveforms were filtered with band-pass of 150-200 s. The result of the 
analysis is shown in Fig. 8.13.  The different velocity models used are shown 
in Fig. 8.13(a). Using the original velocity model (CRUST 2.0), the VR is 
64.5% as shown in Fig. 8.13(b). The VR improved to 82.6% when the body 
wave velocity was increased by 10% but VR decreased slightly to 60.4% 
when the body wave velocity was decreased by 10% as shown in Fig. 8.13(c) 
and (d), respectively.  
 The analysis was repeated with 100-200 s band-pass filtered 
seismograms and the results are shown in Fig. 8.14. The waveform fits 
between the recorded and synthetic waveform decreased for all the three 
velocity models. The VR values were 53.1, 32.6 and 27.6% for the original 
CRUST, 10% increased model and 10% decreased model, respectively. In 
conclusion, the waveform fit is significantly better at longer periods (say 150-
200 s) and the VR is more sensitive to the filter bands than the velocity 
models. The MTI is sensitive to the choice of the band-pass filter. At shorter 
periods, the seismic signal is affected by fine details of crustal structures 
which are not easy to determine. Therefore, in the subsequent analysis, it was 
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decided to use the original CRUST model with long-period waves (150-200 s) 
to analyze the selected earthquakes in this study.  
(b) Effect of focal depth  
 The MTI solutions for various depths for July 17, 2006 Java 
earthquake (Mw 7.7) recorded at station BTDF (in Singapore), were obtained 
and VR values were compared. Fig. 8.15 shows the waveform fits (for 150-
200 s band-pass filtered seismograms) for focal depths ranging from 8 km to 
40 km. The VR values range from 42.4% to 71.5% (Table 8.6). The best 
estimate is taken as the condition that gives the highest variation reduction 
(71.5%), which corresponds to a focal depth of 21 km. However, the focal 
depth is not well constrained.  
 Next, the analysis was repeated with band-pass filter between 100 s 
and 200 s and the results are shown in Fig. 8.16 & Table 8.7. For this 
frequency band, the best wave form fit with VR of 36.1% is obtained for the 
focal depth of 8 km.   
 The focal depth is also sensitive to the filter band used but it is not well 
constrained. USGS (NEIC) and Harvard CMT solutions reported focal depths 
of 10 km and 30 km, respectively, for this earthquake. The difference between 
my results (i.e. 8 km to 21 km from T=100-200 s and 150-200 s, respectively) 
and theirs could be due to the difference in filter bands and stations used. 
(c) Comparison of Regional MTI results with Harvard CMT solutions  
 The MTI results (of seismic moment, moment magnitude and focal 
mechanisms) obtained from the regional moment tensor inversions for 
selected earthquakes in Java and Sumatra are compared with Harvard CMT 
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solutions. The Harvard CMT solutions for selected events in this study are 
given in Table 8.3. Harvard group has produced estimates of moment tensors 
of global earthquakes with Mw>5.0 using the Centroid Moment Tensor (CMT) 
procedure since 1981 (Dziewonski et al., 1981; 1983; Woodhouse et al., 
1984). The Harvard CMT solutions, are obtained from centroid-moment-
tensor (CMT) analysis of the globally recorded body- and surface-waves 
(Dziewonski et al., 1981). They are available few to several hours after the 
earthquake. 
 The single station MTI was performed for July 17, 2006 Java 
earthquake (Mw 7.7). The synthetic waveforms were computed with CRUST 
2.0 velocity model with a fixed depth of 21 km at four stations (BTDF, 
MBWA, DGAR and PALK) and band-pass filter between 150 s and 200 s was 
used. The inversion results are shown in Fig. 8.17. All stations show 
acceptable waveform fit with VR greater than 50%. The focal mechanism and 
seismic moment (Mo) also generally match well with those reported from 
Harvard CMT solutions. For the same earthquake, the MTI was performed 
simultaneously at two stations (BTDF and MBWA) as shown in Fig. 8.18. 
Again reasonable estimates of the source parameters were obtained.  
 Similarly, the MTI was applied to two Java earthquakes (J2 and J3 in 
Table 8.3) recorded at station BTDF and a Java earthquake (J4 in Table 8.3) 
recorded at station COCO. Fig. 8.19 (a) shows a strike slip fault for May 26, 
2006 earthquake, consistent with the results from Harvard CMT solution. The 
MTI results for September 21, 2006 earthquake in Fig. 8.19(b) and August 8, 
207 in Fig. 8.19(c) show some rotation of principle axes but the dip and rake 
angles are comparable to Harvard CMT solution.  
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 The MTI technique was applied to the Sumatra earthquakes using the 
CRUST 2.0 model corresponding to Sumatra region. The inversions were  
performed with a fixed depth of 30 km and band-pass filter between 150 s and 
200 s. The MT inversion results for the March 28, 2005 earthquake recorded 
at QIZ and DGAR stations are shown in Fig. 8.20. Some rotation of the 
principal axis can be seen for the record at station QIZ. But at station DGAR, 
the results are in good agreement with the Harvard CMT solution. The 
simultaneous inversion at the QIZ and DGAR were performed (Fig. 8.21). The 
VR decreased but the focal mechanism and moment magnitude results are 
reasonable. Next, single station MTI was performed for three Sumatra 
earthquakes (S2, S3 and S4 in Table 8.3) at station COCO as shown in Fig. 
8.22. Again the results are in acceptable agreement with those from Harvard 
CMT solutions.  
 The comparisons between the MTI solutions in this study and Harvard 
CMT solutions have about 10° to 20° difference between strike, dip, and rake, 
and the focal mechanisms are visually similar. The small difference between 
the two solutions could be caused by differences in frequency bands, focal 
depths and station used.   
8.4 Concluding remarks 
 Conventionally, MTI (for e.g. Harvard CMT) is performed at 
teleseismic stations (i.e. oo r 9030 ≤≤ ), where the rays travel from the 
hypocenter to the stations through the mantle. In this situation, the crustal 
velocity profile of the shallow layers will not significantly affect the 
waveforms. However, at regional distances (r < 30o), the waves travel in the 
low velocity zone of the upper mantle. In this case, the velocity profiles of the 
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shallow layers affect significantly by distorting the waveforms. Thus, the 
computation of MTI at near-field is a challenge.  
 However, it was found that long-period seismic waves, which are less 
sensitive to the crustal structure, could be used to obtain reasonable source 
parameters. The results are also stable over complex tectonic environments for 
long-period waves. The MTI solutions obtained in this study were comparable 
to Harvard CMT solutions. The VR of the waveform fit between the observed 
and synthetic seismograms at some stations, however, is large, especially at 
shorter periods. Also the depth resolution in our study was poor, probably 
because of relatively long period waves used.  
 Short-period waveform modeling is necessary to constrain the focal 
depth and finer source parameters. For this accurate crust-mantle velocity 
models are needed. At present such accurate crust-mantle velocity models do 
not exist for the South East Asia region.  
 For the majority of events in northern and central California, two one-
dimensional crustal/upper-mantle velocity models are reported to be adequate. 
It was my understanding that the current operational MTI code in Japan 
(NIED) is accomplished with a single calibrated velocity model for the entire 
region (Fukuyama et al., 1998; Fukuyama et al., 2000). However, in practice, 
three-component data from 2 to 3 stations may be used to improve the 
azimuthal coverage of the focal sphere (Pasyanos et al., 1996). Similarly, a 
calibrated velocity model can be developed for the Indonesian earthquakes 
using the nearby stations. In view of the success of the regional MTI (to 
compute near real-time source parameters) in Japan and United States, I 
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believe that further enhancement of the system described here is worthwhile to 
make the overall system faster, more reliable, and robust. 
 With the MTI presented, the earthquake source parameters can be 
quickly computed and numerical methods (such as presented in Chapter 7) can 
be used to provide useful, near real-time forecasts before the first tsunami 
strikes a threatened community.  
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Table 8.1. Classification of fault types based on slip angle 
 
Slip angle (λ) Fault type 
0° pure left-lateral  strike-slip 
180° pure right-lateral strike-slip 
90° pure dip-slip reverse 
–90° pure dip-slip normal 
–20° to 20° left-lateral strike-slip 
20° to 70° reverse left-lateral oblique 
70° to 110° reverse 
110° to 160° reverse right-lateral oblique 
–160° to 160° right-lateral strike-slip 
–110° to -160° normal right-lateral oblique 
–70° to –110° normal 
–20° to –70° normal left-lateral oblique 
 
Table 8.2. Seismic stations used in this study  
 







BTDF Bukit Timah, Singapore 1.36 103.77 64 STS1 
COCO Cocos Is., Indian Ocean -12.19 96.83 1 CMG-3T 
MBWA Western Australia -21.16 119.73 190 CMG-3T 
PALK Pallekele, Sri Lanka 7.27 80.70 460 CMG-3T 
CHTO Chiang Mai, Thailand 18.81 98.94 420 STS2 
QIZ Hainan Province, Thailand 19.03 109.84 240 STS2 
DGAR Diego Garcia, Indian Ocean -7.41 72.45 1 STS2 
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Table 8.3. Earthquakes and their source parameters used in this study. P1 and P2 are nodal 
planes.   
 
 










(km) Mw Fault planes 
strike/dip/rake Focal mechanism 




7.7 P1: 290/10/95 P2: 098/80/89 
 




6.3 P1:321/76/180 P2:051/90/14 
 
J3 9/21/2006 -9.050 110.365 Java 25  6.0 P1:246/27/67 P2:091/65/101 
 




7.5 P1:331/31/157 P2: 080/61/79 
 




8.6 P1: 329/7/109 P2: 130/83/88 
 




6.9 P1:320/21/105 P2: 124/69/84 
 
S3 9/13/2007 -2.130 99.627 Sumatra 17  7.0 P1: 312/10/90 P2: 132/80/90 
 




8.4 P1:327/12/114 P2:123/79/85 
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Table 8.4. Crustal structure used in the Moment Tensor Inversion (MTI) for Java earthquakes 
(source: CRUST 2.0) 
 
Top of layer (km) α (km/s) β(km) ρ (g/cm3) Qp Qs 
4.004 1.5 0.01 1.02 600 300 
5.504 2.3 1.1 2.2 600 300 
6.004 3.2 1.6 2.3 600 300 
13.004 6.0 3.4 2.7 600 300 
20.004 6.6 3.7 2.9 600 300 
27.004 7.2 4.0 3.05 600 300 
223.004 8.2 4.7 3.4 600 300 
  
Table 8.5. Crustal structure used in the Moment Tensor Inversion (MTI) for Sumatra 
earthquakes (source: CRUST 2.0) 
 
Top of layer (km) α (km/s) β(km) ρ (g/cm3) Qp Qs 
0.068 1.5 0.0 1.02 600 300 
1.068 2.1 1.0 2.1 600 300 
8.068 6.0 3.4 2.7 600 300 
15.068 6.6 3.7 2.9 600 300 
22.068 7.2 4.0 3.05 600 300 
218.068 8.2 4.7 3.4 600 300 
 
Table 8.6. Variation Reduction (VR) of waveform fits for July 17, 2006 Java earthquake at 
different depths (band-pass filtered with 150-200 s) estimated by MTI 
 
No. Depth  (km) Mw VR 
1 8 7.9 60.8 
2 10 7.7 64.5 
3 15 8.0 50.5 
4 21 7.8 71.5 
5 25 7.7 55.5 
6 30 8.0 69.4 
7 35 7.7 42.4 
8 40 7.9 52.1 
 
 
Table 8.7. Variation Reduction (VR) of waveform fits for July 17, 2006 Java earthquake at 
different depths (band-pass filtered with 100-200 s) estimated by MTI 
 
No. Depth  (km) Mw VR 
1 8 7.6 36.1 
2 10 7.8 27.6 
3 15 7.2 23.9 
4 21 7.7 25.2 
5 25 7.4 26.1 
6 30 7.5 24.4 
7 35 7.8 23.8 
8 40 7.8 27.0 
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Figure 8.1. General representation of seismic source using nine force couples (i.e. 3 dipoles 












Figure 8.2. Schematic approximations in modeling earthquake rupture process.(a) Actual fault 
displacement history. (b) Average dislocation model. (c) Equivalent body force system. The 
fault is further approximated as a double couple of equivalent body force with moment, M=fd. 
Δ 
M=μΔLW ∫Δ= dSSM )(μ
(a) (b) (c) 















































Figure 8.4. P-wave radiation pattern of a pure shear event illustrating concept of double 
couple: (a) The double-couple system (i.e. M13 and M31); (b) equivalent dipoles along the P 
and T axes which are rotated by 45o and (c) The ‘beach ball’ representation of the double-
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Figure 8.5. The stereonet projection of different 3 types of faults and their focal mechanisms. 























Figure 8.6. Definition of the angles used to describe the fault plane geometry. x1 is in the 
strike direction. φf, δ and λ are strike, dip and rake angle, respectively. nˆ  and dˆ  are fault 
normal vector and slip vector, respectively. 
 

























Figure 8.7. Location of earthquakes (dots) and the broadband seismic stations (triangles) used 
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Figure 8.9. P- and S-wave velocity profiles for Sumatra region (CRUST 2.0) 
 











































Figure 8.10. Comparison of the P- and S-wave velocity profiles between Java and Sumatra 
region (CRUST 2.0). Sumatra model show larger P and S wave velocities compared to the 
Java model.  

















































   
 
Figure 8.11. Preparation of three-component recordings of September 12, 2007 Bengkulu 
earthquake, Indonesia (Mw 8.4) recorded at station QIZ for Moment Tensor Inversion: (a) 
three-component velocity seismograms; (b) displacement traces computed by integration of 
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Figure 8.12. Schematic representation of the Moment Tensor Inversion of seismic waves for 
































Figure 8.13. Comparison of three-component long- period (150-200 s) displacement data 
(solid line) and synthetic seismograms (dashed line) of solution at depth 10 km for July 17, 
2006 Java earthquake (Mw 7.7) at station BTDF. (a) Java velocity models from CRUST 2.0 
and modified versions. VR as a function of velocity model: (b) Java model from CRUST 2.0, 
(c) Java model with 10% increase in body wave velocities and (d) Java model with 10% 
decrease in body wave velocities.  
 
 

































































































Figure 8.15. Comparison of three-component long-period (150-200 s) displacement data (solid 
line) and synthetic seismograms (dashed line) of solution at depths of  8 km to 40 km for July 
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Figure 8.17. Single-station MTI solution of July 17, 2006 Java earthquake (with 150-200 s 
band-pass filter and fixed depth of 21 km using Java model) at stations BTDF, MBWA, 






















Figure 8.18. Multiple-stations MTI solutions of July 17, 2006 Java earthquake (with 150-200 s 
band-pass filter and fixed depth of 21 km using Java model). The Harvard CMT solution (red 
ball) is also shown for comparison.  
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Figure 8.19. Single-station MTI solutions for Java earthquakes (J2, J3 & J4 in Table 8.3) with 
band-pass 150-200s and depth 21 km.  The Harvard CMT solution (red ball)  is also  shown 
for comparison. 
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Figure 8.20. Single-station MTI solutions for March 28, 2005 at station QIZ and DGAR (with 















Figure 8.21. Multiple-station MTI solution for March 28, 2005 earthquake at QIZ and DGAR 
(with band-pass 150-200 s and depth 30 km). The Harvard CMT solution (red ball) is also 
shown for comparison.  
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Figure 8.22. Single-station MTI solutions for Sumatra earthquakes (S1, S2, S3 & S4 in Table 
8.3) at COCO (with band-pass 150-200 s and depth 30 km). The Harvard CMT solution (red 
ball)  is also shown for comparison.  
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Chapter 9  
Development of Tsunami Prediction and 
Warning System for Singapore 
 
9.1 Introduction 
 The 2004 Aceh earthquake was the world’s largest in the last 40 years. It 
triggered a devastating tsunami with tragic results, killing 275,000 people. The 
2004 Tsunami shocked the world by its extension of damage, power of 
destruction and casualties. It was very well documented firstly due to information 
broadcasted worldwide by the mass media; and secondly recorded in terms of 
instrumental measurements (seismological stations, tide gauge stations and 
satellite observation). Two important questions need to be answered to seek better 
methods and tools to deal with such an event in the future: (1) Could an early 
warning have been given with existing monitoring systems? (2) How rapid and 
effective will a future early warning system need to be?  
 The overall conclusions from post-tsunami field studies and numerical 
modeling are that the massive tsunami impacted Aceh, Indonesia and surrounding 
islands within just 15-30 minutes of the earthquake but took more than 1 hour to 
reach Sri Lanka, Thailand, India, and Maldives according to PTWC. A tsunami 
bulletin was transmitted within 15 minutes of the earthquake from the Pacific 
Tsunami Warning Center (PTWC) in Hawaii, but no Asian country directly 
received that warning and furthermore the earthquake’s magnitude was 
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underestimated (NOAA). Two lessons could be learnt from this experience: (1) 
the current tsunami waning system is not adequate enough, so even if there was a 
warning system in place (say, in the Indian Ocean), it could have underestimated 
it like the PTWC did, and (2) local/regional tsunami warning capabilities, which 
can react quickly after a potentially destructive earthquake has occurred, must be 
developed for the Indian Ocean to avoid a repeat of the 2004 disaster.  
 After the 2004 tsunami, many countries recognized that a local tsunami 
warning capability is essential to reduce vulnerability and risk to future disasters.  
Research was conducted to develop a national tsunami warning system for 
Singapore as part of the regional tsunami warning system in Indian Ocean 
(Tkalich et al., 2008). The Sunda Arc and Manila Trench were identified as 
potential sources of earthquakes that could generate tsunami, and pose a tsunami 
threat to Singapore. While Singapore is well protected from the effects of tsunami 
by the shallow waters and land masses around it, Singapore cannot remain 
complacent for it will be socially, economically and politically impacted if its 
neighbors are affected. Therefore, Singapore has embarked on the research to 
develop its own national tsunami warning system as part of the regional Indian 
Ocean Tsunami Warning System (IOTWS).   
 There is an urgent need to develop operational tools that can provide fast 
and accurate tsunami warnings for rapid decisions, especially in the Indian Ocean 
where there is a long stretch of active subduction zone (i.e. Sunda Arc). The more 
timely and precise the warnings are, the more lives and property can be saved. At 
present, Tsunami Warning Centers are facing a difficult challenge of issuing 
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tsunami warnings based on insufficient and ambiguous data. The current warning 
decisions are based on earthquake location and short-period magnitude, which 
may underestimates the size of the earthquakes. Tsunami information from tide 
gauges may arrive too late for timely evacuation while buoys are expensive to 
install and maintain. Consequently, more than 50% of the tsunami warnings 
issued by PTWC (in Hawaii) have been false (Bernard, 1998). 
 This chapter presents the proposal for utilization of the research findings 
into the development of a faster, more reliable and robust tsunami warning system 
for Singapore, which can also be an integral part of the regional Indian Ocean 
Tsunami Warning System (IOTWS).  
9.2 Summary of research findings 
 This thesis titled “Study of the Tsunamigenic Earthquakes” has three main 
objectives. The first objective was the development of tools for identification and 
predictions of the tsunamigenic earthquakes. The second objective was to develop 
tsunami forecasting methods for Southeast Asia. The final objective was to 
contribute to the development of a national tsunami warning system for 
Singapore. 
 This study showed that the mechanism of tsunamigenesis of the 
earthquake can be revealed from the seismic signals through the proposed seismic 
analysis techniques. In addition, the numerical modeling techniques could be 
employed for near real-time tsunami forecasting using the historical data and 
tectonic information. Furthermore, the Moment Tensor Inversion (MTI) could be 
used to compute the earthquake source parameters in near real-time for tsunami 
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forecasting. With these findings, a tsunami warning system that can predict a 
tsunami prior to strike and also forecasts the arrival times and maximum wave 
heights at near real-time was proposed.  
 In the foregoing chapters, three complementary methods of tsunami 
prediction based on seismic signals analysis and two tsunami forecasting methods 
(based on historical data and real-time computation of earthquake source 
parameters) were presented.  
 Spectral Analysis (using the FFT and CWT technique), revealed that 
tsunamigenic earthquakes are depleted in high frequency (>0.1 Hz) energy 
compared to the non-tsunamigenic earthquakes. This observation could be 
explained by the slow rupture (which is inefficient at emitting high frequency 
energy) usually associated with the tsunamigenic earthquakes. Furthermore, the 
Empirical Mode Decomposition (EMD) was used to decompose the seismograms 
into different frequency components and the tsunamigenic nature of the 
earthquakes was investigated. The analysis results showed that tsunamigenic 
earthquakes are not only depleted in the high frequency seismic radiations but 
they are rich in low frequency energy compared to the non-tsunamigenic 
earthquakes. Slow fault rupture can explain the depletion of high frequency 
energy while a large slip along the rupture explains the abundance of low 
frequency energy observed in tsunamigenic earthquakes.  
 The Spectral Analysis (i.e. FFT, CWT) and EMD techniques were mainly 
operated on the surface wave, which take some time to arrive at the seismic 
stations. Hence, a filtering technique (called Rupture Analysis) using the first 
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arriving P waves was investigated for a possible faster tsunami prediction. With 
the Rupture Analysis, the tsunamigenic earthquakes (along Sunda Arc, Indonesia) 
examined showed complex rupture (with multiple peaks of velocity envelope) and 
long rupture duration exceeding 100 s while the non-tsunamigenic earthquakes 
showed simple rupture (single peak) with rupture duration of less than 1 minute. 
The peaks of the velocity envelope mark release of energy from areas of slip on 
the fault. It seems that tsunamigenic earthquakes have several peaks (of velocity 
envelope), indicating rupture sequence. Therefore, this Rupture Analysis could be 
used to speed up tsunami warning.  
 In the real application of the tsunami warning, it is not enough to predict 
that there will be a tsunami, but also need to predict by how much, when and 
where tsunami is likely to strike. Thus, data-driven tsunami forecasting method 
was developed (for sources aligned along the Sunda Arc and Manila Trench) in 
collaboration with TMSI. Although data-driven method can give tsunami 
estimates within seconds after the occurrence of the earthquake, the accuracy of 
its prediction will depend mainly on the input source parameters, which are 
derived from historical data and may not be accurate. Therefore, this method was 
proposed to be improved with near real-time computation of the source 
parameters (MTI). Reasonable estimates of the source parameters comparable to 
the Harvard CMT solutions were obtained using long-period seismic waves. 
Finally, the research findings are being proposed to be incorporated into the 
development of a robust tsunami warning system for Singapore. 
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9.3 Proposed Tsunami Warning System for Singapore  
Most of the tsunamis that occurred in the Indonesian region are local type. 
The propagation distant from tsunami sources to the nearest coastal area is less 
that 200 km and their travel time is about 15 to 30 minutes. Thus, the 
development of tsunami warning tools that can provide warning as quickly as 
possible is crucial. 
The ultimate objective of this thesis is to provide tools that can predict 
tsunami and also compute the sources near real-time for efficient tsunami 
forecasts (of wave arrival times and maximum wave heights) at the risked coastal 
areas within minutes. With regard to tsunami prediction, three techniques have 
been proposed (in Chapter 4, 5 & 6) that could be used to differentiate 
tsunamigenic earthquakes from the non-tsunamigenic earthquakes so that prompt 
decision on the tsunami prediction could be made. As for tsunami forecasting, 
data-driven modeling was developed in collaboration with TMSI as shown in 
Chapter 7 (with delineation of the work as in the “Disclaimer”). This method 
could be improved through computation of the source parameters, which is given 
in Chapter 8.  
The design of the proposed Tsunami Warning System (TWS) for 
Singapore is shown in Fig. 9.1. This proposed system is slightly different from 
OTPAS (Tkalich et al., 2008), which is in operation since August 2008. The 
proposed system is based on (a) earthquake monitoring and analysis of the 
seismic signals (for tsunamigenesis prediction and computation of source 
parameters) and (c) utilization of tsunami simulation database. In the proposed 
TWS (Fig. 9.1), the sequence of events is currently proposed as follows: 
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1. The TWS system alerts when seismic signal to background noise ratio 
(S/N) exceeds, say 50. 
2. At the pre-selected stations, the epicenter location and earthquake 
magnitude (Ms, Mb, ML, etc.) are computed using Antelope (which is a 
system of software modules that implement acquisition, processing and 
archiving of the seismic data). Antelope has the ability to provide “near 
real-time” information on the epicenter location and earthquake 
magnitude (BRITT, 1998).  
3. If the epicenter location is in deep sea and the magnitude is 
significantly large (M≥ 6.5) then the following actions can be taken: 
i. The source parameters (fault length L, width W, slip Δ, strike φ, 
dip δ, rake λ, depth d and source duration τr) are quickly 
estimated using empirical relations (Appendix E) and/or 
historical earthquake data. Then the best matching tsunami 
scenario is extracted from the pre-computed tsunami database as 
the first estimate of tsunami forecasting (of arrival time and wave 
height). Once the source parameters are determined, the tsunami 
arrival times and wave height distribution can be obtained from 
the database within few seconds. The first tsunami warning is 
issued. 
ii. Then, the actual source parameters of the earthquake that just 
happened are computed in near real-time through Moment 
Tensor Inversion (MTI). The computed fault parameters are used 
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as the input to the Data-driven Model for refined tsunami 
forecasting.  
iii. Three types of seismic tsunami prediction could be performed: 
a. Rupture Analysis of the first arriving P waves can be 
conducted to extract the rupture duration and rupture 
pattern. A long rupture duration (>100 s) with multiple 
peaks merits a tsunami warning. This could be 
accomplished very quickly (< 7 minutes) if nearby 
stations are available. 
b. Spectral Methods (FFT, CWT, etc) can be used to 
evaluate the tsunamigenic nature from frequency content 
of the seismograms. Tsunamigenic events are indicated 
by their depletion in high frequency (>0.1 Hz) energy at 
regional to near-regional stations.  
c. EMD can be used to decompose the seismograms into 
high-frequency (HF) and low-frequency (LF) 
components and their corner frequency and spectral ratio 
can be used to identify the tsunamigenic earthquakes. The 
tsunamigenic earthquake is indicated by rich seismic 
radiation at long period (>100s) seismic waves.  
The tsunami warning timeline for the earthquake event is shown in Fig. 
9.2. The earthquake’s epicenter location, magnitude and depth are determined 
within 5 minutes after the earthquake occurrence. If the earthquake is in deep sea 
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with magnitude M≥ 6.5, the tsunami simulation is retrieved from the database. 
The database will give estimation of tsunami height and their arrival time at 
several locations along the coastal area. Thus, within the first 5 minutes after the 
earthquake, the tsunami warning is issued. 
The proposed TWS system then waits for the confirmation from the 
analyses of the seismic signals using the seismic tsunami prediction techniques 
(Rupture Analysis, Spectral Analysis and EMD) and Moment Tensor Inversion. 
Based on the analyses, the warning can be either confirmed or cancelled. This 
tsunami warning system is targeted at issuing warning in less than 20 minutes of 
the earthquake origin time. For far-field tsunamis, the sea level monitoring data 
can also be used to confirm the tsunami occurrence. 
9.4 Concluding remarks 
 Following the devastating 2004 tsunami, great effort was made to 
understand the characteristics of tsunamigensis of earthquakes in order to prepare 
for early tsunami warning tools and systems, which was not in place or did not 
work effectively then. The conventional tsunami warning systems (e.g. PTWC) 
relying on the estimates of earthquake magnitude and epicenter location are not 
enough for tsunami warning as evident from more than 50% false warnings issued 
so far.  
 With this background this research sought to find complementary methods 
for early tsunami warning with special focus on Southeast Asia region.  This 
research focused on two main aspects: (1) identification of unique properties of 
the tsunamigenic earthquakes and utilization of these characteristics for 
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evaluation of tsunamigenesis of earthquakes and (2) development of near real-
time tsunami forecasting tool (using Moment Tensor Inversion and Data-driven 
techniques). Understanding the key mechanism of tsunamigenesis of earthquake 
and development of suitable methods for tsunami prediction and warning based 
on that understanding were the key objectives of this research.   
 Relating the findings from the seismic signal analyses to the mechanism of 
tsunami generation, it is understood that the source mechanism and source 
parameters are strongly related to the generation of tsunami. Fortunately, both the 
source parameters and source mechanism could be revealed through the analysis 
of the seismograms. The knowledge gained from this research can be consolidated 
and incorporated in the OTPAS (Tkalich et al., 2008)., the current tsunami 
warning system in Singapore. The resultant advanced tsunami warning system 
could save lives should such a tsunami event as 2004 repeat itself.  
 The proposed tsunami warning system (TWS) is applicable for regional 
and near-regional tsunamis. If an earthquake occurs so close to the land then there 
may not be enough time for the warning centers to issue warning. This is because 
it takes to analyze the signals and alert the local population. Thus, for such 
tsunamis, the earth under your feet provides the best possible warning system. If 
you are along a coastline, and feel an earthquake that lasts more than 10 seconds, 
you should know that it is large enough to generate a tsunami. Tsunamis are also 
often accompanied by a loud roar, as was the case in 2004. Sometimes the sea 
level drops first, rather than rises, and communities should learn to read these 
signs as well.  
 
























































Figure 9.1. System flow logic for the proposed Tsunami Warning System for Singapore  
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Figure 9.2. Event timeline for the proposed Tsunami Warning System for Singapore. Keys: A = 
Data-driven modeling; B=Decision on tsunami or not. (I), (II) and (III) represent different 
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 This research was highly motivated by the 2004 Aceh earthquake (Mw 
9.0~9.3) the resultant tsunami, which killed about 275,000 people in 
Indonesia, Thailand, Sri Lanka and India. The tsunami had arrived in these 
countries, except for Indonesia, in more than 1 hour after the earthquake event 
and yet so many lives were lost. If those people had received the warning of 
the tsunami, the number of victims would have been much lesser because they 
had enough time to escape.  
 Several important lessons were learned from this tsunami disaster. 
First, the conventional tsunami warning methods (which are based on 
estimates of earthquake magnitude and epicenter location) were not adequate. 
It underestimated the size of the Aceh 2004 earthquake. It was only after 
several days that the magnitude of this earthquake was raised from Mw 8.2 to 
9.3 (Stein et al., 2004). Furthermore, with the conventional earthquake 
magnitude evaluation method, the tsunamigenic earthquakes could go 
undetected since they produce less seismic energy at shorter periods. Second, 
no regional tsunami warming system was developed for Sunda Arc although 
this region was known to have frequent tsunami occurrence.  
 In addition, Manila Trench was also under-characterized and over 
looked in context of tsunami warning. Recent studies by USGS indicated that 
this subduction zone also could pose significant tsunami danger for countries 
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in South China Sea. Therefore, the current research presents a holistic 
approach to all these problems towards a rapid and reliable tsunami prediction 
and warning system with focus on Southeast Asia.  
 The objective of this research was on the identification of the key 
mechanisms of the tsunami generation by earthquakes and the development of 
suitable methodology for timely tsunami prediction and warning with 
particular focus on Southeast Asia. This research sought to answer the 
question: why do some submarine earthquakes cause tsunamis while others do 
not, even though they occur at the similar tectonic zones with comparable 
large magnitudes. It encompassed two main goals. The first goal was to study 
the possible mechanisms of tsunami generation by earthquakes and extract 
unique identifiable features of the tsunamigenic earthquakes for rapid tsunami 
prediction. This consisted of characterization and differentiation of 
tsunamigenic earthquakes from non-tsunamigenic earthquakes. To achieve this 
goal, the seismic signals from pairs of earthquakes that occurred in similar 
tectonic zones with comparable magnitudes and epicenter distance to stations 
were analyzed. Spectral analysis techniques (FFT and CWT), Empirical Mode 
Decomposition (EMD) and Rupture Analysis techniques were used. 
 The second goal of this research was on the development of rapid 
tsunami forecasting techniques (for coastlines in Indian Ocean and South 
China Sea from tsunami sources aligned along the Sunda Arc and Manila 
Trench) and near real-time computation of the source parameters. Data-driven 
technique was developed to forecast tsunami arrival time and wave heights 
within seconds after the input of the earthquake source parameter in 
collaboration with TMSI and with contribution from NTU (as already 
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highlighted in the “Disclaimer” and Tkalich et al., 2008).). The next approach 
was based on the near “real-time” computation of the source parameters and 
using them as input for the data-driven modeling. 
 In summary, three complementary methods of tsunami prediction and 
two rapid methods of tsunami forecasting were developed. The tsunami 
prediction methods were based on the analysis of seismic signals while the 
tsunami forecasting (of arrival times and maximum wave heights) was based 
on historical data and near “real-time” computation of the source parameters. 
The seismic signal analysis techniques showed that tsunamigenesis of the 
earthquake can be revealed in the seismic signals while numerical modeling 
techniques could readily provide quick estimation of the tsunami danger at the 
coastlines. Ultimately, the research findings were incorporated into the 
development of a rapid tsunami warning system for Singapore as part of the 
regional Indian Ocean Tsunami Warning System (IOTWS). All the important 
findings from this research are summarized in the following sections.  
10.2 Remarks on compilation of global tsunami data   
 A database of worldwide tsunamis caused by earthquakes is compiled 
to serve as dependable input source for hydrodynamic modeling and to 
understand the global tsunami problem. The tsunami database is then 
correlated with the earthquake source parameters. Since the earthquake source 
parameters became available only since 1977, this database was limited only 
for the last 30 years. This database contains 302 events.  
  Tsunami records (of maximum wave height, tsunami magnitude, 
damage, etc.) for the database were drawn from catalogues maintained by the 
Novosibirsk Historical Tsunami Database (HTDB, Tsunami Laboratory in 
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Novosibirsk, Russian Academy of Sciences), and tsunami database of 
National Geophysical Data Center (NGDC/NOAA). The earthquake source 
parameters were obtained from National Earthquake Information Centre 
(NEIC) of the USGS and Global Moment Tensor Catalogue from Harvard 
University. The source parameters include the moment magnitude (Mw) and 
fault orientation parameters like the strike (φf), dip (δ) and rake (λ) among 
others.  The earthquakes that had caused transoceanic tsunamis and “tsunami” 
earthquakes were also highlighted in this study. Special attention was paid on 
the historical tsunamis and earthquakes for Sunda Arc and Manila Trench.  
 The existence of historical database of tsunami and related earthquake 
is of great importance for development of tsunami hazard mitigation and 
tsunami warning systems. Study of past earthquakes would help to estimate 
the future probabilities. The historical records show the location of the tsunami 
sources in past and possibly in the future. These records also served as guides 
for hydrodynamic modeling and development of tsunami forecast database. 
Besides, the historical data also provide a global view of the tsunami problem.  
10.3 Remarks on tsunami prediction using spectral analysis 
 Historical tsunami records show that some earthquakes, in spite of 
their large moment magnitude (Mw) and epicenter location in deep sea, may 
not generate significant tsunamis. However, some earthquakes with only a 
moderate magnitude can still cause significant tsunamis. This shows that we 
need to look beyond the conventional earthquake magnitude to predict 
tsunami.  
 The mechanism of tsunamigenesis of the earthquake may be revealed 
through the analysis of earthquake signals. In searching for seismic signal 
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analysis tools, this study began with the conventional signal processing 
method, the Fourier Transform. Spectral analysis of regional broadband 
velocity seismograms of tsunamigenic and non-tsunamigenic earthquakes 
consistently showed that the tsunamigenic earthquakes were deficient in high-
frequency (>0.1 Hz) seismic radiation compared to the non-tsunamigenic 
earthquakes.  This difference is more distinct at frequencies between 0.1 and 
0.3 Hz. This finding was also support by the Wavelet Transform (WT) 
technique, which not only revealed the depletion in high-frequency energy of 
tsunamigenic earthquakes but showed when this depletion occurred. The WT 
showed that depletion of the high frequency seismic energy was observed in 
the surface wave spectrum.  
 From this study, it was deduced that tsunamigenic earthquakes can be 
defined as events that because of their slow rupture speed do not effectively 
radiate seismic energy but actively excite tsunami. The Spectral Analysis (i.e. 
FFT & CWT) can successfully un-locked the frequency content of the 
earthquake signal and thus, shed some light on the possible mechanism of 
tsunamigenesis earthquake. Thus, this will be useful for the early tsunami 
warming system. 
10.4 Remarks on advancement of tsunami prediction through Empirical 
Mode Decomposition (EMD) of seismic signals  
 The Spectral Analysis on the seismograms revealed that additional 
information on the earthquake source mechanism could enhance tsunami 
predictability as discussed in the previous section. Scientists working on the 
mechanism of tsunami reported that “tsunami” earthquake shows a wide 
disparity between their surface wave magnitude Ms (at 20 s) and moment 
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magnitude Mw (at T>100 s). However, the detection of this disparity in real-
time application is not easy because seismographs contain records of both the 
short and long period waves together and detection of long-period amplitude 
would be affected by the short-period waves. Therefore, a method that could 
quickly decompose the seismic waves into different frequency components 
(without altering the signal) would reveal the earthquake source mechanism 
for a better tsunami prediction. 
 In this study, the method of EMD was used to decompose the 
seismograms of earthquakes into high-frequency (HF) and low-frequency (LF) 
components and then they were analyzed to infer the source mechanism that 
might indicate tsunamigenic potential of the earthquakes. This method was 
applied to recent tsunami earthquake of the July 17, 2006 Java earthquake (Mw 
7.7) and the results are compared against the non-tsunamigenic earthquake of 
November 2, 2002 (Mw 7.5) off the coast of Sumatra. The results showed that 
the tsunami earthquake has lower corner frequency (i.e. 0.006 Hz or 167 s) 
and larger spectral ratio (compared to the ordinary earthquake) in the low 
frequency spectrum. However, the tsunami earthquake is depleted in seismic 
energy at high frequency (in the HF component). Furthermore, at high 
frequency, the corner frequency of the tsunamigenic and non-tsunamigenic 
earthquake is indistinguishable. This finding has implication for magnitude 
determination. The magnitude of tsunami earthquake may be underestimated 
in the 1s to 20 s period (using the conventional method of magnitude 
determination). Thus, longer period (>100 s) seismogram must be used to 
detect the tsunami earthquakes. EMD presents an alternative method to extract 
this long-period seismogram for detection of the “tsunami” earthquakes.  
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10.5 Remarks on identification of tsunamigenic earthquakes based on 
rupture analysis 
 A faster signal analysis technique (Rupture Analysis) based on analysis 
of the first arriving P waves (which travel fastest) was explored. The Rupture 
Analysis was based on the filtering of the high-frequency (2-4 Hz) P wave 
velocity seismograms (BHZ). Observations of 21 large earthquakes (Mw≥ 7) 
along the Sunda Arc showed a clear distinction between the tsunamigenic and 
non-tsunamigenic earthquakes in terms of their rupture pattern and duration. 
The tsunamigenic earthquakes exhibited multiple-peak rupture with duration 
exceeding 100 s while non-tsunamigenic earthquakes usually have only a 
single-peak rupture with duration less than a minute. In general, all the 
tsunamigenic earthquakes in Indonesia were mainly thrust events with 
magnitude Mw>7 with source duration greater than 100 s and they mainly 
occurred close to the Sunda-Java Trench. This observation must be 
incorporated into the development of the early tsunami warning in the Indian 
Ocean. The rupture pattern and duration can be computed quickly from the 
first arriving P waves in less than 10 minutes of the earthquake. Therefore, this 
Rupture Analysis method can significantly speed up the tsunami warning 
process.  
10.6 Remarks on data-driven method of tsunami forecasting                                                            
 Tsunami warning is a race against time, the faster the better. After 
predicting that a tsunami is likely, the next step is to forecast tsunami arrival 
time and wave heights at the risked coastal areas (using numerical models). 
But running numerical models involve time delay. Thus, a rapid method of 
tsunami forecasting based on historical database (of tsunamis and earthquakes) 
Chapter 10: Conclusions 
 
 296 
was developed (in collaboration with TMSI with contribution from NTU as 
mentioned in the “Disclaimer”) for tsunamis in Indian Ocean and South China 
Sea from tsunami sources in Sunda Arc (Indonesia) and Manila Trench 
(Philippines), respectively. 
 The potential tsunami sources affecting Singapore have been 
segmented into fault boxes. For each box a set of source parameters has been 
developed from the past earthquakes to serve as input parameters for tsunami 
modeling. Each box has a fixed set of focal mechanism parameters while the 
fault rupture size, slip magnitude and pattern can be chosen.  
 With information of tsunami sources, the tsunami scenarios were 
simulated using various combinations of fault boxes, slip magnitudes and slip 
patterns and the output of tsunami arrival times and maximum wave heights 
were used to construct database using Neural Network (NN) technique (by 
TMSI). Reasonable results of tsunami arrival time and maximum wave heights 
could be obtained in seconds corresponding to various sets of input source 
parameters.   
 For real application, upon the occurrence of a potentially large 
earthquake in deep sea, its source parameters would be estimated using the 
historical data and/or empirical relations. Then the corresponding tsunami 
scenario of arrival times and maximum wave height distribution can be 
retrieved/ interpolated from the database within seconds. However, the main 
drawback of this method is the uncertainty in the source input parameters. 
Therefore, the earthquake source parameters were computed in near real-time 
using the regional and near-regional seismic stations as discussed in the next 
section.  
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10.7 Remarks on near real-time computation of source parameters for 
tsunami forecasting 
 The tsunamigenic potential of an earthquake is related to its seismic 
moment (which is directly related to the earthquake source rupture area and 
slip). Therefore, of the various earthquake magnitudes that can be computed 
from seismic waveforms, moment magnitude is most appropriate to access 
tsunamigenic potential. The far-field tsunami wave is affected by the beaming 
effects determined by the focal mechanism. Thus, both Mo and focal 
mechanism significantly affect the destructiveness of the tsunamis. These 
source parameters  (along with the focal depth) must be obtained as quickly as 
possible for a more accurate tsunami forecasting.  
 In this study, the Moment Tensor Inversion (MTI) was used to 
compute the seismic moment, focal mechanism and focal depth.  The MTI was 
performed for long-period seismograms at regional and near-regional stations. 
The MTI results obtained were in good agreement with those from Harvard 
CMT solutions, which were evaluated using teleseismic waves.  Thus, upon 
the occurrence of an earthquake, its source parameters (seismic moment, focal 
mechanism and focal depth) can be computed near “real-time”. These 
parameters can then be used as input to retrieve the best fit tsunami scenarios 
for a quick estimate of tsunami at the risked coastlines for tsunami warning.  
 Of course, the actual tsunami propagation model like TUNAMI-N2 
can be run  to compute the tsunami arrival times and wave heights, but this 
will involve time delay of hours. 
 In view of the success of the regional MTI (to compute near real-time 
source parameters) in Japan and United States, we believe that further 
enhancement of this system (through more accurate crust-mantle velocity 
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model) is worthwhile to make the overall tsunami warning system faster, more 
reliable, and robust.  
10.8 Remarks on correlating the research findings with tsunami 
generation mechanism by earthquake 
 The main cause of tsunami generation is the uplift of sea floor due to 
the underwater earthquake, which in turn is caused by a slip on a fault. 
However, the slip motion is complex, reflecting the variation in basic physics 
that governs fault motion in different tectonic environments. The failure at the 
fault plane does not occur at once. Instead, the failure of slip starts at a point 
and spreads across the fault and stops due to structural or lithological barrier. 
The extent and speed at which this slip takes place will depend (among others) 
on the rigidity of the rocks in which it takes place.  
 The tsunami generation mechanism is not well understood because 
tsunamigenic earthquakes mostly occur in very deep ocean waters. Tsunamis 
can be monitored after they are generated, but detecting and observing the 
incidence of tsunamis is still very difficult. However, since the 1970s the 
development of the broadband seismographs allows us to look into the 
tsunamigenesis by earthquake in more detail. Currently, the tsunami 
generation mechanism (i.e. tsunamigenesis) is one of the major research topics 
in the study of tsunamis. 
 In this study, the analyses of the seismograms (of tsunamigenic and 
non-tsunamigenic earthquakes) revealed several distinguishable characteristics 
of the tsunamigenic earthquakes. The Spectral Analysis indicated that 
tsunamigenic earthquakes are relatively poor in high frequency seismic 
radiation. In addition, the EMD technique showed that tsunamigenic 
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earthquake has smaller corner frequency and larger spectral ratio in the longer 
periods of the seismogram. Finally, the Rupture Analysis (on the P waves) 
showed that tsunamigenic earthquakes have longer rupture duration (with 
multiple rupture peaks) while non-tsunamigenic earthquakes have shorter 
rupture duration (with single rupture peak). In summary, tsunamigenic 
earthquakes are depleted in high frequency, but enriched at low frequency 
seismic energy and have long rupture duration with multiple rupture peaks (of 
seismic energy release). These findings are important in the context of early 
tsunami warning.  
  The observations made from the seismic analysis techniques can be 
correlated with the mechanism of the tsunamigenesis of the earthquakes. The 
high frequency component of the seismogram is due to the rupture front 
propagation and slower rupture is inefficient at emitting high frequency 
seismic energy. Tsunamigenic earthquakes tend to occur in shallow region of 
low rigidity (i.e. subduction zones). Therefore, their rupture propagation could 
be expected to be relatively slower compared to the ordinary earthquakes (that 
do not produce tsunami).  Ordinary earthquakes tend to occur further away 
from the subduction trench in the case of Sunda Arc (Indonesia).  
 In order to generate significant tsunami (i.e. to displace huge volume 
of water), a large rupture (with large slip) must occur at the seafloor. Since 
fault dimensions (length L, width W and slip Δ) control the source radiation 
pattern (seismograms), the large extended slip could explain the long-period 
seismic energy associated with the tsunamigenic earthquakes. The third 
characteristic of the tsunamigenic earthquake as revealed by the Rupture 
Analysis is the longer rupture duration. This longer duration of rupture can be 
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explained by the slower rupture (in shallow and less rigid zone) occurring over 
longer fault length for the tsunamigenic earthquakes. Rupture duration has 
important effect on how seismic waves are generated. In particular, the longer 
a source takes to rupture, the smaller the high frequencies generated. This has 
important consequences for the ground shaking that occurs and how the 
magnitude is estimated. Consequently, a tsunamigenic earthquake causes less 
seismic shaking and its magnitude may be underestimated in the high-
frequency seismograms. 
 In conclusion, the proposed seismic analysis techniques could un-lock 
the mechanism of tsunami generation by earthquakes. This extracted 
information could be used to build a faster, more reliable and robust tsunami 
warning system.  
10.9 Recommendations and future directions 
 Conventional tsunami warning systems rely on estimates of an 
earthquake's magnitude to determine whether a large tsunami will be 
generated. However, earthquake magnitude is not always a reliable indicator 
of tsunamigenic potential. The 2004 Indian Ocean quake generated a huge 
tsunami, while the 2005 Nias (Indonesia) quake did not, even though both had 
almost the same magnitude from initial estimates. Between 2005 and 2007, 
five false tsunami alarms were issued worldwide. Such alarms have negative 
societal and economic effects.  
 For any warning system, reliability is always important. In this study, 
we explored the feasibility of using several warning methods to increase the 
speed and reliability of early tsunami warning. Three different techniques of 
tsunami prediction (i.e. Spectral Analyses, EMD and Rupture Analysis) were 
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presented. These techniques could successfully unlock the tsunamigenic 
nature of the earthquakes for prediction of a tsunamigenic earthquake.  
 In addition, a rapid tsunami forecasting technique (based on database) 
was developed to estimate the tsunami arrival time and wave heights at the 
coastlines upon the confirmation that a tsunami is likely. This data based 
technique can output tsunami arrival time and wave heights at the risked 
coastlines within few seconds after the input parameters were determined. 
This forecasting method was then improved with near “real-time” computation 
of source parameters (Moment Tensor Inversion). The MTI solutions gave 
comparable estimates of moment magnitude and focal mechanism parameters 
to Harvard CMT, which were obtained few to several hours after the 
earthquake.  
 All the research findings could be incorporated into the development of 
an advanced tsunami warning system. In this study, I demonstrated that real-
time data from the readily available GSN stations could be used predict 
tsunamigenesis. Having predicted that a tsunami is likely, the data-driven 
techniques could be employed to estimate the destructive potential of the 
tsunami within minutes, well before it reaches coastal areas. The proposed 
methods could lead to development of more reliable global tsunami warning 
systems, saving lives and reducing false alarms.  
 However, in research it is rare for there to have a complete closure. 
There are always more questions after one phase of research than before. 
Some of the questions get answered but many more inevitably arises. This is 
certainly the case with this research. There are several directions in which 
future work can proceed. Some of these directions involve the further 
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validation and refinements of the methods presented here. For example, the 
Empirical Mode Decomposition (EMD) technique (Chapter 5) could be 
applied to a larger set of “tsunami events” (in Nicaragua, Peru, etc.) to see if 
the presented results are consistent and stable. The Rupture Analysis technique 
(Chapter 6) could also be tested for other tsunamigenic earthquakes in other 
tectonic regions, especially those in Japan, which has high tsunami 
occurrences. As for the data-driven tsunami forecasting method of Chapter 7,  
more fault boxes could be added and simulations ran to cover larger area  
because tsunami can also occur away from the subduction zone too. Although 
numerical method of tsunami modeling is an essential tool to assess tsunami 
hazard and to explain the records of a tsunami and, it has much room for 
improvement. The coupling effect between the seafloor and water motion may 
need further investigation. In addition, more accurate bathymetry (especially 
at the coastal areas) must be developed. Furthermore, the existing tsunami 
models mainly treat tsunamis that are generated by earthquakes. The tsunami 
generated by sources (other than earthquakes) is poorly understood, and 
therefore, should be studied. For the computation of source parameters in 
Chapter 8, the main concern is the lack of accurate crust-mantle velocity 
model for this region. Therefore, well calibrated crust-mantle velocity models 
(like those in Japan or California) need to be developed. As for the 
development of the proposed Tsunami Warning System for Singapore 
(Chapter 9), despite being proven successful in the research, further work 
towards implementation of the proposed methods for a real tsunami warning 
system is necessary. 
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Table A1. Global Tsunamigenic Earthquakes since 1977 (HTDB, NGDC/NOAA) 
 
No. Year Month Day Hour Mins Lon lat Depth Mw Ms S1 D1 R1 S2 D2 R2 Hmax No. Mt I D F 
1 1977 8 19 6 8 118.230 -11.140 23.3 8.3 8.0 260 24 -73 61 67 -98 15.0 8 -999.0 3.5 2 189 
2 1977 6 22 12 8 -174.910 -22.860 61.3 8.1 7.2 14 11 -93 197 79 -89 0.3 18 -999.0 -2.5 0 -999 
3 1977 4 2 7 15 -171.910 -16.770 50.3 7.3 7.6 317 41 45 190 62 122 0.1 2 -999.0 -3.0 0 -999 
4 1977 4 20 23 13 160.470 -10.070 11.0 6.8 6.5 269 32 37 146 71 116 -999.0 1 -999.0 -1.0 -999 -999 
5 1977 4 21 4 24 160.590 -10.220 40.4 7.4 7.1 326 35 79 159 55 97 -999.0 4 -999.0 -1.5 1 18 
6 1978 3 22 0 50 149.330 43.750 10.0 6.7 6.7 205 7 76 39 83 92 7.0 6 -999.0 -2.5 2 -999 
7 1978 6 12 8 14 142.070 38.020 37.7 7.7 7.7 184 14 59 36 78 97 1.2 21 7.4 0.5 1 28 
8 1978 6 20 20 3 23.580 39.600 10.0 6.3 6.5 286 43 -88 104 47 -92 1.0 -999 -999.0 0.0 -999 -999 
9 1978 1 14 3 24 139.070 34.740 11.0 6.7 7.4 280 18 154 35 82 73 0.7 15 6.7 0.0 0 25 
10 1978 3 24 19 47 148.980 44.200 30.7 7.5 7.6 223 18 93 40 72 89 0.7 18 7.7 0.0 0 -999 
11 1978 3 23 3 15 149.270 44.120 28.3 7.6 7.5 224 11 91 42 79 90 0.3 15 7.5 -2.0 0 -999 
12 1978 3 23 0 31 149.230 43.810 41.5 7.1 6.8 225 20 97 38 70 87 0.2 4 7.1 -1.5 0 -999 
13 1978 7 23 14 42 121.600 22.010 28.9 7.3 7.4 224 36 123 5 61 69 0.1 1 -999.0 -2.0 0 -999 
14 1978 3 22 21 34 149.410 43.550 23.9 6.4 6.6 213 24 78 46 67 95 0.1 2 -999.0 -3.0 0 -999 
15 1978 3 23 3 14 149.270 44.120 28.3 7.6 6.4 224 11 91 42 79 90 -999.0 1 -999.0 -999.0 -999 -999 
16 1979 4 15 6 19 18.840 41.630 10.0 7.0 7.1 328 14 110 127 77 85 1.0 -999 -999.0 2.0 -999 -999 
17 1979 3 14 11 7 -101.370 17.780 26.7 7.5 7.6 306 15 110 106 76 85 0.4 3 -999.0 -1.1 0 5 
18 1979 2 20 6 32 144.120 39.770 14.8 6.3 6.7 187 15 69 29 76 96 0.2 10 6.9 -2.0 0 -999 
19 1979 2 28 21 27 -141.390 60.500 18.8 7.5 7.1 271 13 96 84 77 89 0.1 2 -999.0 -999.0 0 -999 
20 1980 1 1 16 42 -27.780 38.815 25.0 6.9 7.2 146 75 9 54 81 165 1.0 -999 -999.0 0.0 -999 -999 
21 1980 1 1 16 42 -27.740 38.800 10.0 6.9 7.2 241 67 -171 148 82 -23 1.0 -999 -999.0 0.0 -999 -999 
22 1980 1 1 16 42 -27.780 38.815 25.0 6.9 7.2 146 75 9 54 81 165 1.0 -999 -999.0 0.0 -999 -999 
23 1980 1 1 16 42 -27.740 38.800 10.0 6.9 7.2 241 67 -171 148 82 -23 1.0 -999 -999.0 0.0 -999 -999 
24 1980 10 10 12 24 1.354 36.195 11.0 6.9 7.3 358 36 50 224 63 115 1.0 -999 -999.0 0.0 -999 -999 
25 1980 10 10 12 24 1.360 36.250 10.1 7.1 7.3 247 30 105 50 61 81 1.0 -999 -999.0 0.0 -999 -999 
26 1980 2 23 5 51 146.910 43.210 33.6 7.1 6.8 213 15 89 34 75 90 0.6 18 6.8 -0.5 0 -999 
27 1980 6 29 7 20 139.181 34.808 17.0 6.4 6.0 289 85 -179 199 89 -5 0.6 15 6.3 -0.5 0 -999 
28 1980 6 29 7 20 138.930 34.450 15.0 6.4 6.0 171 86 3 80 87 176 0.6 15 6.3 -0.5 0 -999 
29 1980 7 17 19 42 165.940 -12.440 34.0 7.8 7.9 351 31 102 158 60 83 0.2 7 -999.0 -1.5 0 -999 
30 1981 2 24 20 53 22.934 38.222 27.0 6.7 6.7 43 55 -140 287 58 -43 1.0 -999 -999.0 0.0 -999 -999 
31 1981 2 24 20 53 23.040 38.070 10.0 6.6 6.7 285 37 -64 73 57 -109 1.0 -999 -999.0 0.0 -999 -999 
32 1981 1 18 18 17 143.290 37.840 20.0 6.4 6.9 177 26 46 44 71 109 0.4 22 7.0 -1.0 0 -999 
33 1981 1 18 18 17 142.750 38.640 30.0 7.0 6.9 271 26 149 29 77 67 0.4 22 7.0 -1.0 0 -999 
34 1981 1 18 18 17 143.040 38.150 20.0 7.0 6.9 186 15 70 27 76 95 0.4 22 7.0 -1.0 0 -999 
35 1981 9 1 9 29 -173.085 -14.960 22.0 7.5 7.9 104 18 -83 276 72 -92 0.1 1 -999.0 -3.0 0 2 
36 1981 9 1 9 29 -173.160 -15.020 20.0 7.5 7.9 115 37 -73 273 55 -103 0.1 1 -999.0 -3.0 0 2 
37 1981 10 25 3 22 -102.084 18.048 33.0 7.3 7.4 210 40 27 99 73 127 0.1 1 -999.0 -3.0 0 -999 
38 1981 10 25 3 22 -102.000 18.280 31.8 7.2 7.4 287 20 82 115 70 93 0.1 1 -999.0 -3.0 0 -999 
39 1981 5 25 5 25 164.357 -48.786 30.0 7.4 7.6 265 65 -27 7 66 -153 -999.0 1 -999.0 -999.0 -999 -999 




No. Year Month Day Hour Mins Lon lat Depth Mw Ms S1 D1 R1 S2 D2 R2 Hmax No. Mt I D F 
41 1982 3 21 2 32 142.361 42.158 25.0 6.9 6.7 41 26 99 211 64 85 1.4 16 7.1 0.0 1 -999 
42 1982 3 21 2 32 141.850 42.140 36.7 6.9 6.7 308 28 93 125 62 89 1.4 16 7.1 0.0 1 -999 
43 1982 7 23 14 23 141.702 36.194 33.0 7.0 6.8 263 29 151 19 76 64 0.4 6 7.0 -2.0 0 -999 
44 1982 7 23 14 23 141.910 35.980 27.0 7.0 6.8 203 14 86 27 76 91 0.4 6 7.0 -2.0 0 -999 
45 1982 12 28 6 37 139.434 33.826 20.0 6.2 6.2 222 79 3 131 87 169 0.4 1 -999.0 -1.0 0 -999 
46 1982 12 28 6 37 139.600 33.800 22.5 6.2 6.2 112 88 -178 22 88 -2 0.4 1 -999.0 -1.0 0 -999 
47 1982 12 19 17 43 -175.864 -24.133 22.0 7.3 7.7 105 25 -8 202 87 -115 0.2 4 -999.0 -2.0 0 -999 
48 1982 12 19 17 43 -175.100 -24.310 29.2 7.5 7.7 198 22 101 6 68 86 0.2 4 -999.0 -2.0 0 -999 
49 1982 1 11 6 10 124.358 13.752 19.0 7.2 7.4 247 49 170 343 83 41 -999.0 1 -999.0 -999.0 -999 -999 
50 1982 1 11 6 10 124.350 13.910 17.3 7.1 7.4 132 13 51 351 80 98 -999.0 1 -999.0 -999.0 -999 -999 
51 1982 2 24 4 22 98.270 4.100 11.1 5.9 5.4 300 49 51 171 54 126 -999.0 1 -999.0 -999.0 -999 -999 
52 1983 5 26 2 59 139.102 40.462 13.0 7.4 7.8 41 39 115 190 55 71 14.5 64 8.1 2.3 3 104 
53 1983 3 12 1 36 127.924 -4.056 19.0 6.7 6.9 70 59 26 325 68 146 3.0 1 -999.0 1.5 2 -999 
54 1983 3 12 1 36 127.830 -4.160 15.7 6.6 6.9 329 32 150 86 75 62 3.0 1 -999.0 1.5 2 -999 
55 1983 6 21 6 25 139.099 41.346 20.0 6.7 6.9 195 41 97 6 50 84 1.0 14 7.3 0.0 1 -999 
56 1983 6 21 6 25 139.140 41.110 17.4 6.8 6.9 23 43 94 198 47 87 1.0 14 7.3 0.0 1 -999 
57 1983 10 4 18 52 -70.563 -26.535 50.0 7.4 7.4 63 44 136 188 61 55 0.3 1 -999.0 -2.0 0 5 
58 1983 10 4 18 52 -70.560 -26.010 38.7 7.7 7.4 9 20 110 168 71 83 0.3 1 -999.0 -2.0 0 5 
59 1983 3 18 9 5 153.581 -4.883 0.0 7.9 7.9 175 65 110 314 32 54 -999.0 1 -999.0 -999.0 -999 -999 
60 1983 3 18 9 5 153.340 -4.860 69.9 7.7 7.9 170 49 120 308 49 60 -999.0 1 -999.0 -999.0 -999 -999 
61 1984 2 11 8 2 21.860 38.110 15.0 5.6 5.5 77 28 -121 291 66 -74 1.0 -999 -999.0 2.0 -999 -999 
62 1984 8 6 19 6 131.945 32.386 32.0 6.8 6.9 80 5 -28 199 88 -94 0.2 3 6.9 -2.0 0 -999 
63 1984 8 6 19 6 131.940 32.340 28.5 6.9 6.9 337 7 -136 203 85 -85 0.2 3 6.9 -2.0 0 -999 
64 1984 3 24 9 44 148.192 44.117 13.0 7.1 7.0 294 39 154 45 74 54 0.1 1 7.1 -2.0 0 -999 
65 1984 3 24 9 44 148.620 44.170 30.6 7.2 7.0 229 17 109 30 74 85 0.1 1 7.1 -2.0 0 -999 
66 1984 9 18 17 2 141.500 34.006 22.0 6.8 6.9 283 8 -131 145 84 -85 0.1 4 7.3 -3.0 0 -999 
67 1984 9 18 17 2 141.370 34.110 35.0 6.8 6.9 264 26 -140 137 73 -69 0.1 4 7.3 -3.0 0 -999 
68 1985 3 3 22 47 -71.871 -33.135 51.0 7.5 7.8 56 45 156 164 73 48 3.5 29 -999.0 1.5 2 177 
69 1985 3 3 22 47 -71.710 -33.920 40.7 8.0 7.8 11 26 110 169 66 81 3.5 29 -999.0 1.5 2 177 
70 1985 9 19 13 17 -102.533 18.190 0.0 8.1 8.1 298 11 90 118 79 90 3.0 19 -999.0 1.5 2 0 
71 1985 9 19 13 17 -101.990 17.910 21.3 8.0 8.1 301 18 105 106 73 85 3.0 19 -999.0 1.5 2 0 
72 1985 9 21 1 37 -101.647 17.802 27.0 7.6 7.6 229 27 6 134 88 117 1.2 1 -999.0 0.0 1 -999 
73 1985 9 21 1 37 -101.420 17.570 20.8 7.6 7.6 296 17 85 121 73 91 1.2 1 -999.0 0.0 1 -999 
74 1986 5 7 22 47 -174.776 51.520 0.0 7.9 7.9 238 12 90 58 78 90 0.9 40 -999.0 0.5 0 -999 
75 1986 5 7 22 47 -175.430 51.330 31.3 8.0 7.9 246 22 85 72 68 92 0.9 40 -999.0 0.5 0 -999 
76 1986 5 7 22 47 -174.776 51.520 0.0 7.8 7.9 130 19 -37 256 78 -107 0.9 40 -999.0 0.5 0 -999 
77 1986 10 20 6 46 -176.367 -28.117 41.0 7.5 8.3 259 27 150 16 77 66 0.2 9 -999.0 -2.0 0 -999 
78 1986 10 20 6 46 -176.070 -27.930 50.4 7.7 8.3 270 56 158 13 71 36 0.2 9 -999.0 -2.0 0 -999 
79 1986 11 14 21 20 121.574 23.901 39.0 7.3 7.8 223 35 106 24 57 79 0.2 3 -999.0 -2.0 -999 -999 





No. Year Month Day Hour Mins Lon lat Depth Mw Ms S1 D1 R1 S2 D2 R2 Hmax  No. Mt I D F 
81 1986 11 14 21 20 121.574 23.901 0.0 7.4 7.8 98 58 89 280 32 92 0.2 3 -999.0 -2.0 -999 -999 
82 1987 11 30 19 23 -142.786 58.679 20.0 7.8 7.7 176 88 -179 86 89 -2 0.5 9 -999.0 -0.5 0 -999 
83 1987 11 30 19 23 -142.040 58.170 15.0 7.9 7.7 355 70 -172 262 82 -20 0.5 9 -999.0 -0.5 0 -999 
84 1987 3 5 9 17 -70.161 -24.388 53.0 7.6 7.3 70 39 139 194 66 59 0.2 4 -999.0 -2.0 0 -999 
85 1987 3 5 9 17 -70.930 -24.380 41.9 7.6 7.3 12 23 106 175 68 83 0.2 4 -999.0 -2.0 0 -999 
86 1987 2 6 13 16 141.689 36.988 32.0 6.8 6.5 231 18 106 34 73 85 0.1 3 -999.0 -3.0 0 -999 
87 1987 2 6 13 16 141.940 36.910 41.4 6.7 6.5 209 25 99 20 65 86 0.1 3 -999.0 -3.0 0 -999 
88 1987 3 18 3 36 131.837 32.034 36.0 6.6 6.7 71 44 -15 172 79 -133 0.1 1 -999.0 -3.0 0 2 
89 1987 3 18 3 36 131.770 31.940 38.0 6.7 6.7 348 27 -103 182 64 -84 0.1 1 -999.0 -3.0 0 2 
90 1987 10 6 4 19 -172.225 -17.940 22.0 7.3 7.3 307 64 -151 204 64 -29 0.1 1 -999.0 -3.0 0 -999 
91 1987 10 6 4 19 -171.930 -18.290 15.0 7.3 7.3 352 42 -113 203 52 -70 0.1 1 -999.0 -3.0 0 -999 
92 1987 10 12 13 57 154.371 -7.288 0.0 6.8 6.8 104 83 -180 194 90 7 0.1 1 -999.0 -3.0 0 -999 
93 1987 10 12 13 57 154.050 -7.120 18.2 7.0 6.8 323 43 -68 114 51 -109 0.1 1 -999.0 -3.0 0 -999 
94 1987 10 16 20 48 149.060 -6.266 52.0 7.1 7.7 347 46 133 114 58 55 0.1 1 -999.0 -2.0 0 -999 
95 1987 10 16 20 48 149.440 -6.220 47.8 7.4 7.7 266 32 90 86 58 90 0.1 1 -999.0 -2.0 0 -999 
96 1987 11 17 8 46 -143.270 58.586 18.0 7.2 7.0 3 82 -179 273 89 -8 0.1 2 -999.0 -3.0 0 -999 
97 1987 11 17 8 46 -143.620 58.870 15.0 7.2 7.0 262 57 -6 356 85 -147 0.1 2 -999.0 -3.0 0 -999 
98 1987 2 8 18 33 147.689 -6.088 21.0 7.3 7.6 351 88 -180 261 90 -2 -999.0 1 -999.0 -999.0 1 3 
99 1987 2 8 18 33 147.720 -5.900 15.0 7.3 7.6 82 83 4 352 87 173 -999.0 1 -999.0 -999.0 1 3 
100 1987 7 6 2 49 167.940 -13.940 15.0 6.6 7.1 159 42 84 347 48 95 -999.0 1 -999.0 -999.0 -999 -999 
101 1988 3 6 22 35 -143.032 56.953 18.0 7.3 7.6 71 43 4 338 87 133 0.2 6 -999.0 -3.0 0 -999 
102 1988 3 6 22 35 -143.530 57.370 15.0 7.8 7.6 182 75 -168 89 79 -15 0.2 6 -999.0 -3.0 0 -999 
103 1988 2 5 14 1 -70.433 -24.753 54.0 7.1 6.7 287 31 40 162 71 114 0.1 1 -999.0 -3.6 0 -999 
104 1988 2 5 14 1 -70.560 -24.930 17.2 7.2 6.7 353 17 82 181 73 92 0.1 1 -999.0 -3.6 0 -999 
105 1988 8 10 4 38 160.819 -10.366 28.0 7.2 7.4 7 27 87 190 63 91 0.1 2 -999.0 -3.0 0 1 
106 1988 8 10 4 38 160.770 -10.490 16.2 7.6 7.4 346 19 116 138 73 81 0.1 2 -999.0 -3.0 0 1 
107 1988 7 5 20 32 148.780 -5.964 49.0 6.8 6.8 281 44 81 113 47 98 -999.0 1 -999.0 -999.0 -999 -999 
108 1988 7 5 20 32 148.910 -6.130 48.9 6.8 6.8 264 39 82 94 51 97 -999.0 1 -999.0 -999.0 -999 -999 
109 1989 11 1 18 25 142.760 39.837 23.0 7.3 7.4 271 39 158 18 76 53 0.6 1 -999.0 -0.5 0 -999 
110 1989 11 1 18 25 143.080 39.950 24.0 7.4 7.4 183 14 69 25 77 95 0.6 1 -999.0 -0.5 0 -999 
111 1989 10 18 0 4 -121.883 37.036 8.0 6.9 7.1 139 56 138 255 57 43 0.5 3 -999.0 -1.0 1 62 
112 1989 10 18 0 4 -121.630 37.060 19.0 6.9 7.1 235 41 29 123 71 128 0.5 3 -999.0 -1.0 1 62 
113 1989 10 18 0 4 -121.883 37.036 9.0 7.2 7.1 142 81 110 255 22 25 0.5 3 -999.0 -1.0 1 62 
114 1989 5 23 10 54 160.568 -52.341 15.0 8.1 8.2 39 89 -179 309 89 -1 0.3 2 -999.0 -2.0 0 -999 
115 1989 5 23 10 54 160.410 -52.150 15.0 8.1 8.2 34 69 170 127 81 21 0.3 2 -999.0 -2.0 0 -999 
116 1989 5 23 10 54 160.568 -52.341 30.0 8.2 8.2 36 85 197 305 73 -6 0.3 2 -999.0 -2.0 0 -999 
117 1989 6 26 3 27 -155.083 19.362 11.0 6.5 6.2 130 6 -15 236 88 -96 0.3 3 -999.0 -2.0 0 -999 
118 1989 6 26 3 27 -155.060 19.470 15.0 6.4 6.2 238 7 99 49 83 89 0.3 3 -999.0 -2.0 0 -999 
119 1989 9 4 13 14 -156.835 55.543 30.0 7.0 6.9 205 18 42 74 78 104 0.1 2 -999.0 -3.0 0 -999 






No. Year Month Day Hour Mins Lon lat Depth Mw Ms S1 D1 R1 S2 D2 R2 Hmax No. Mt I D F 
121 1989 10 29 5 25 143.333 39.571 3.0 6.9 6.6 261 9 173 358 89 81 -999.0 1 -999.0 -999.0 -999 -999 
122 1989 10 29 5 25 143.500 39.380 29.8 6.5 6.6 182 19 61 32 74 99 -999.0 1 -999.0 -999.0 -999 -999 
123 1990 3 25 13 16 -84.808 9.919 0.0 6.4 6.4 212 43 27 102 72 130 1.0 1 -999.0 0.0 0 -999 
124 1990 3 25 13 16 -84.580 9.950 17.9 7.3 6.4 303 11 104 108 79 87 1.0 1 -999.0 0.0 0 -999 
125 1990 3 25 13 16 -84.808 9.919 15.0 7.2 6.4 275 26 43 145 73 110 1.0 1 -999.0 0.0 0 -999 
126 1990 12 13 0 14 14.900 37.250 15.0 5.6 5.4 274 64 174 7 85 26 1.0 -999 -999.0 1.0 -999 -999 
127 1990 4 5 21 12 147.596 15.125 15.0 7.2 7.5 84 38 -44 211 65 -119 0.2 16 -999.0 -2.0 0 -999 
128 1990 4 5 21 12 148.080 15.570 15.0 7.4 7.5 185 31 -108 26 61 -80 0.2 16 -999.0 -2.0 0 -999 
129 1990 4 5 21 12 147.596 15.125 35.0 7.6 7.5 3 27 -100 194 64 -85 0.2 16 -999.0 -2.0 0 -999 
130 1990 9 23 21 13 138.643 33.267 16.0 6.5 6.5 42 77 0 312 90 167 -999.0 2 -999.0 -999.0 0 -999 
131 1990 9 23 21 13 138.340 33.190 16.9 6.5 6.5 36 86 -1 126 89 -176 -999.0 2 -999.0 -999.0 0 -999 
132 1990 12 13 19 50 121.627 23.722 55.0 6.7 6.4 95 83 2 4 88 173 -999.0 2 -999.0 -999.0 0 -999 
133 1990 12 13 19 50 121.840 23.890 17.5 6.3 6.4 212 23 104 17 68 84 -999.0 2 -999.0 -999.0 0 -999 
134 1991 4 22 21 56 -83.073 9.685 34.0 7.3 7.6 78 20 58 292 73 101 7.0 -999 -999.0 1.5 -999 -999 
135 1991 4 22 21 56 -82.770 10.100 15.0 7.6 7.6 103 25 58 318 69 104 7.0 -999 -999.0 1.5 -999 -999 
136 1991 12 22 8 43 151.021 45.533 52.0 7.5 7.4 226 45 115 12 50 67 0.5 4 7.5 0.5 0 0 
137 1991 12 22 8 43 151.550 45.580 31.2 7.6 7.4 226 16 99 37 74 88 0.5 4 7.5 0.5 0 0 
138 1991 2 16 1 23 154.328 48.268 0.0 5.7 5.7 230 12 90 50 78 90 0.3 2 -999.0 -1.5 0 0 
139 1991 2 16 1 23 154.330 48.310 37.7 6.1 5.7 204 32 86 29 58 93 0.3 2 -999.0 -1.5 0 0 
140 1991 2 21 2 35 -175.450 58.427 12.0 6.5 6.7 45 52 -128 276 52 -52 0.3 2 -999.0 -1.7 0 0 
141 1991 2 21 2 35 -175.150 58.430 15.0 6.7 6.7 302 55 -45 62 55 -135 0.3 2 -999.0 -1.7 0 0 
142 1991 10 14 15 58 158.442 -9.094 26.0 7.2 7.1 260 32 11 161 84 121 0.1 2 -999.0 -2.5 0 0 
143 1991 10 14 15 58 158.360 -9.170 30.3 7.2 7.1 300 29 51 163 68 109 0.1 2 -999.0 -2.5 0 0 
144 1991 2 9 16 18 159.139 -9.929 0.0 6.9 6.9 270 25 -90 90 65 -90 0.0 3 -999.0 -4.5 0 0 
145 1991 2 9 16 18 159.420 -9.950 15.0 6.9 6.9 279 34 -89 98 56 -91 0.0 3 -999.0 -4.5 0 0 
146 1992 12 12 5 29 121.896 -8.480 49.0 7.4 7.5 65 47 61 284 50 118 26.2 90 -999.0 2.7 3 2200 
147 1992 12 12 5 29 122.490 -8.340 20.4 7.8 7.5 80 40 95 253 50 86 26.2 90 -999.0 2.7 3 2200 
148 1992 9 2 0 16 -87.340 11.742 0.0 0.0 7.4 331 14 111 130 77 85 9.1 7 8.0 2.8 2 170 
149 1992 9 2 0 16 -87.810 11.200 15.0 7.7 7.4 303 12 91 122 78 90 9.1 7 8.0 2.8 2 170 
150 1992 4 25 18 6 -124.316 40.368 6.0 7.1 7.1 51 25 142 177 75 70 1.8 17 -999.0 1.2 1 0 
151 1992 4 25 18 6 -124.310 40.250 15.0 7.2 7.1 331 9 68 173 82 93 1.8 17 -999.0 1.2 1 0 
152 1992 7 18 8 36 143.300 39.450 28.0 5.8 7.0 195 14 75 30 76 94 0.2 4 7.3 -0.5 0 0 
153 1992 7 18 8 36 143.330 39.419 20.0 6.9 7.0 197 12 91 17 78 90 0.2 4 7.3 -0.5 0 0 
154 1992 7 18 8 36 143.540 39.470 15.0 6.9 7.0 183 11 70 23 80 94 0.2 4 7.3 -0.5 0 0 
155 1992 8 11 15 14 141.641 32.536 5.0 6.4 6.3 161 9 55 17 83 95 0.1 1 -999.0 -3.0 0 0 
156 1992 8 11 15 14 141.890 32.690 15.0 6.2 6.3 157 19 73 355 72 96 0.1 1 -999.0 -3.0 0 0 
157 1993 7 12 13 17 139.280 42.710 16.5 7.7 7.6 0 35 91 179 55 90 30.6 147 8.1 3.1 3 330 
158 1993 8 8 8 34 144.801 12.982 68.0 7.5 8.2 329 45 156 77 73 47 2.0 14 7.7 -1.0 1 -999 
159 1993 8 8 8 34 145.310 13.060 59.3 7.8 8.2 312 18 147 75 80 75 2.0 14 7.7 -1.0 1 -999 




No. Year Month Day Hour Mins Lon lat Depth Mw Ms S1 D1 R1 S2 D2 R2 Hmax No. Mt I D F 
161 1993 2 7 13 27 137.210 37.740 15.0 6.3 6.6 211 44 91 29 46 89 0.5 2 6.7 -0.5 0 0 
162 1993 6 8 13 3 157.829 51.218 86.0 7.1 7.2 239 33 98 50 57 85 0.5 5 7.5 -0.5 0 0 
163 1993 6 8 13 3 158.750 51.360 45.9 7.5 7.2 207 29 79 39 61 96 0.5 5 7.5 -0.5 0 0 
164 1993 8 7 19 42 139.839 41.985 4.0 6.5 6.3 193 40 106 354 52 77 0.3 1 -999.0 -2.5 0 0 
165 1993 8 7 19 42 139.790 42.000 26.9 6.3 6.3 357 39 85 183 52 94 0.3 1 -999.0 -2.5 0 0 
166 1993 11 13 1 18 158.647 51.934 44.0 7.0 7.0 212 36 103 16 55 81 0.1 1 -999.0 -3.0 0 0 
167 1993 11 13 1 18 159.270 52.000 54.2 7.0 7.0 206 31 83 34 59 94 0.1 1 -999.0 -3.0 0 0 
168 1994 6 2 18 17 112.835 -10.477 6.0 7.8 7.2 11 11 -175 276 89 -79 13.9 65 -999.0 2.5 3 250 
169 1994 6 2 18 17 113.040 -11.030 15.0 7.8 7.2 278 7 89 99 83 90 13.9 65 -999.0 2.5 3 250 
170 1994 10 4 13 22 147.321 43.773 61.0 8.2 8.1 163 39 19 58 78 128 10.4 58 8.2 2.6 3 0 
171 1994 10 4 13 22 147.630 43.600 68.2 8.3 8.1 158 41 24 50 74 128 10.4 58 8.2 2.6 3 0 
172 1994 11 14 19 15 121.067 13.525 14.0 7.0 7.1 65 82 -6 156 84 -172 7.3 56 -999.0 2.1 2 78 
173 1994 11 14 19 15 121.320 13.440 15.0 7.1 7.1 339 70 -178 249 88 -20 7.3 56 -999.0 2.1 2 78 
174 1994 10 8 21 44 127.980 -1.258 20.0 6.8 6.8 92 84 -6 183 84 -174 3.0 1 -999.0 1.5 2 1 
175 1994 10 8 21 44 127.870 -1.190 15.0 6.8 6.8 90 72 -2 180 88 -162 3.0 1 -999.0 1.5 2 1 
176 1994 1 21 2 24 127.733 1.015 22.0 7.0 7.3 76 69 -180 346 90 -21 2.0 2 -999.0 1.5 3 -999 
177 1994 1 21 2 24 127.800 1.200 15.0 7.0 7.3 83 66 -174 351 84 -24 2.0 2 -999.0 1.5 3 -999 
178 1994 12 28 12 19 143.419 40.525 7.0 7.7 7.5 200 9 85 26 81 91 1.0 8 7.7 0.0 1 2 
179 1994 12 28 12 19 142.990 40.560 27.7 7.8 7.5 179 12 67 22 79 95 1.0 8 7.7 0.0 1 2 
180 1994 4 8 1 10 143.683 40.608 16.0 6.4 6.2 127 29 17 22 82 118 0.2 4 -999.0 -1.5 0 0 
181 1994 4 8 1 10 143.940 40.620 15.0 6.4 6.2 176 11 62 24 80 95 0.2 4 -999.0 -1.5 0 0 
182 1994 10 9 7 55 147.916 43.905 43.0 7.1 7.0 215 18 98 27 72 87 0.2 1 6.9 -2.5 0 0 
183 1994 10 9 7 55 147.960 43.870 33.2 7.3 7.0 227 19 104 31 72 85 0.2 1 6.9 -2.5 0 0 
184 1994 1 17 12 30 -118.537 34.213 21.0 6.7 6.8 119 42 110 274 51 73 0.1 1 -999.0 -3.0 0 0 
185 1994 1 17 12 30 -118.640 34.440 16.8 6.7 6.8 278 42 65 130 53 111 0.1 1 -999.0 -3.0 0 0 
186 1995 10 9 15 35 -104.205 19.055 4.0 7.9 7.3 242 7 43 110 85 95 5.0 24 -999.0 2.0 2 1 
187 1995 10 9 15 35 -104.800 19.340 15.0 8.0 7.3 302 9 92 120 81 90 5.0 24 -999.0 2.0 2 1 
188 1995 5 14 11 33 125.127 -8.378 26.0 6.5 6.9 126 26 -5 220 88 -116 4.0 1 -999.0 1.5 2 11 
189 1995 5 14 11 33 125.260 -8.600 15.8 6.9 6.9 3 31 -85 177 59 -93 4.0 1 -999.0 1.5 2 11 
190 1995 7 30 5 11 -70.294 -23.340 9.0 8.0 7.8 23 15 146 147 82 78 2.8 71 8.2 1.5 2 3 
191 1995 7 30 5 11 -70.740 -24.170 28.7 8.0 7.8 354 22 87 177 68 91 2.8 71 8.2 1.5 2 3 
192 1995 10 18 10 37 130.175 27.929 23.0 6.9 6.9 46 11 -70 206 79 -94 2.6 25 7.6 1.5 1 0 
193 1995 10 18 10 37 130.180 28.060 18.5 7.1 6.9 1 28 -118 212 66 -76 2.6 25 7.6 1.5 1 0 
194 1995 10 19 2 41 130.148 28.094 26.0 6.7 6.9 86 23 -16 191 84 -112 1.5 1 7.3 0.5 1 0 
195 1995 10 19 2 41 130.160 28.210 16.8 6.8 6.9 41 22 -67 196 70 -99 1.5 1 7.3 0.5 1 0 
196 1995 6 15 0 15 22.283 38.401 7.0 6.3 6.3 276 34 -73 76 58 -101 1.0 -999 -999.0 2.0 -999 -999 
197 1995 6 15 0 15 22.460 38.100 15.0 6.5 6.3 265 43 -103 102 48 -78 1.0 -999 -999.0 2.0 -999 -999 
198 1995 12 3 18 1 149.300 44.663 23.0 7.6 7.9 266 15 142 33 81 78 0.5 11 7.6 0.5 0 0 
199 1995 12 3 18 1 150.170 44.820 25.9 7.9 7.9 225 12 95 40 78 89 0.5 11 7.6 0.5 0 0 





No. Year Month Day Hour Mins Lon lat Depth Mw Ms S1 D1 R1 S2 D2 R2 Hmax No. Mt I D F 
201 1995 8 16 10 27 153.640 -5.510 45.6 7.7 7.8 136 42 87 320 48 92 0.3 2 -999.0 -1.5 0 0 
202 1995 5 16 20 12 169.900 -23.008 19.0 7.3 7.8 83 42 -92 266 48 -88 0.2 7 -999.0 -2.0 0 0 
203 1995 5 16 20 12 170.000 -23.050 24.7 7.7 7.8 280 35 -99 110 56 -84 0.2 7 -999.0 -2.0 0 0 
204 1995 1 16 20 46 135.018 34.583 15.0 6.8 6.8 323 73 0 233 90 163 0.1 1 6.4 -3.0 0 0 
205 1995 1 16 20 46 134.990 34.780 20.3 6.9 6.8 324 70 12 230 79 160 0.1 1 6.4 -3.0 0 0 
206 1995 4 7 22 6 -173.529 -15.199 34.0 7.4 8.1 61 16 25 307 83 105 0.1 2 -999.0 -1.5 0 0 
207 1995 4 7 22 6 -173.150 -15.370 87.9 7.4 8.1 188 18 159 298 84 73 0.1 2 -999.0 -1.5 0 0 
208 1995 4 21 0 34 126.030 12.170 15.0 6.8 7.3 145 26 43 14 72 110 0.1 1 -999.0 -2.0 0 0 
209 1995 4 21 0 34 125.580 12.059 30.0 7.1 7.3 221 34 126 360 63 68 0.1 1 -999.0 -2.0 0 0 
210 1995 4 21 0 34 125.690 12.270 21.7 7.2 7.3 153 22 61 3 71 101 0.1 1 -999.0 -2.0 0 0 
211 1995 11 1 0 35 -71.417 -28.906 10.0 6.6 6.4 42 41 144 161 67 55 0.1 1 -999.0 -3.0 0 0 
212 1995 11 1 0 35 -71.680 -29.110 22.0 6.7 6.4 6 25 111 163 67 80 0.1 1 -999.0 -3.0 0 0 
213 1996 2 17 5 59 136.952 -0.891 11.0 8.1 8.1 142 10 91 321 80 90 7.7 162 8.0 1.8 2 108 
214 1996 2 21 12 51 -79.587 -9.593 4.0 7.4 7.5 347 4 95 162 86 90 5.0 49 7.8 1.9 2 2 
215 1996 2 21 12 51 -80.230 -9.950 15.0 7.5 7.5 335 14 88 157 76 91 5.0 49 7.8 1.9 2 2 
216 1996 1 1 8 5 119.931 0.729 14.0 7.8 7.7 360 12 32 238 84 100 3.4 16 -999.0 1.8 2 24 
217 1996 1 1 8 5 119.930 0.740 15.0 7.9 7.7 36 6 54 252 85 94 3.4 16 -999.0 1.8 2 24 
218 1996 10 19 14 44 131.468 31.885 34.0 6.6 6.6 250 19 118 41 74 81 1.1 1 6.9 0.5 1 0 
219 1996 10 19 14 44 131.780 31.780 22.0 6.7 6.6 210 17 79 41 73 93 1.1 1 6.9 0.5 1 0 
220 1996 10 19 14 44 -178.510 -20.412 591.0 6.9 6.6 165 32 -110 9 60 -78 1.1 1 6.9 0.5 1 0 
221 1996 10 19 14 44 -178.240 -20.470 606.1 6.9 6.6 163 26 -118 13 67 -77 1.1 1 6.9 0.5 1 0 
222 1996 6 10 4 3 -177.632 51.564 20.0 7.6 7.6 242 11 92 59 79 90 1.0 14 -999.0 0.5 1 0 
223 1996 6 10 4 3 -177.410 51.100 29.0 7.9 7.6 248 17 84 74 74 92 1.0 14 -999.0 0.5 1 0 
224 1996 6 10 15 24 -176.847 51.478 11.0 7.2 7.2 258 20 103 65 70 85 0.4 1 -999.0 -1.5 0 0 
225 1996 6 10 15 24 -176.490 51.380 36.5 7.3 7.2 258 25 105 62 66 83 0.4 1 -999.0 -1.5 0 0 
226 1996 11 12 16 59 -75.675 -14.993 18.0 7.5 7.3 312 40 51 178 60 118 0.4 1 7.9 -1.0 0 0 
227 1996 9 4 18 16 139.931 31.555 19.0 5.7 5.1 279 45 77 117 47 102 0.3 3 7.5 -2.0 0 0 
228 1996 9 4 18 16 140.060 31.480 24.4 5.7 5.1 41 35 95 215 55 86 0.3 3 7.5 -2.0 0 0 
229 1996 12 2 22 17 131.314 31.789 19.0 6.7 6.6 165 22 48 29 74 105 0.2 1 6.7 -2.0 0 0 
230 1996 12 2 22 17 131.720 31.760 33.4 6.7 6.6 206 19 80 37 71 94 0.2 1 6.7 -2.0 0 0 
231 1996 10 18 10 50 131.093 30.568 34.0 6.6 6.6 146 35 28 33 74 122 0.2 1 6.7 -2.5 0 0 
232 1996 10 18 10 50 131.290 30.470 22.0 6.6 6.6 204 17 67 48 75 97 0.2 1 6.7 -2.5 0 0 
233 1996 9 5 8 14 -113.436 -22.118 5.0 6.7 7.0 277 21 87 99 69 91 0.2 1 -999.0 -2.5 0 0 
234 1996 9 5 8 14 -113.280 -22.320 16.0 6.9 7.0 93 45 69 303 49 110 0.2 1 -999.0 -2.5 0 0 
235 1996 2 25 3 8 -98.070 15.978 6.0 7.1 6.9 287 12 84 113 78 91 0.1 1 -999.0 -3.0 0 0 
236 1996 2 25 3 8 -97.980 15.880 15.0 7.1 6.9 280 16 74 117 74 95 0.1 1 -999.0 -3.0 0 0 
237 1997 12 5 11 26 162.035 54.841 10.0 7.7 7.7 190 16 56 45 77 99 1.5 13 7.7 0.5 1 0 
238 1997 12 5 11 26 161.910 54.310 33.6 7.8 7.7 202 23 74 39 68 97 1.5 13 7.7 0.5 1 0 
239 1997 12 5 11 26 162.035 54.841 10.0 7.5 7.7 193 20 76 28 71 95 1.5 13 7.7 0.5 1 0 




No. Year Month Day Hour Mins Lon lat Depth Mw Ms S1 D1 R1 S2 D2 R2 Hmax No. Mt I D F 
241 1997 4 21 12 2 166.200 -13.210 51.2 7.7 7.9 301 39 40 178 66 122 0.2 3 -999.0 -2.0 0 0 
242 1998 7 17 8 49 141.926 -2.961 7.0 7.0 7.1 123 2 91 302 88 90 15.0 70 7.5 3.2 2 3000 
243 1998 7 17 8 49 142.070 -2.500 15.0 7.0 7.1 146 19 127 287 75 78 15.0 70 7.5 3.2 2 3000 
244 1998 11 29 14 10 124.891 -2.071 44.0 7.7 7.6 101 78 -8 192 82 -168 2.7 1 -999.0 1.5 0 0 
245 1998 11 29 14 10 125.000 -2.030 16.4 7.7 7.6 92 63 -28 196 65 -150 2.7 1 -999.0 1.5 0 0 
246 1998 5 3 23 30 125.308 22.306 40.0 7.5 7.3 49 88 -180 319 90 -2 0.1 3 -999.0 -3.0 0 0 
247 1998 5 3 23 30 125.530 22.370 22.9 7.5 7.3 139 82 1 49 89 172 0.1 3 -999.0 -3.0 0 0 
248 1999 8 17 0 1 29.864 40.748 13.0 7.4 7.9 95 81 180 185 90 9 5.0 -999 -999.0 2.0 -999 -999 
249 1999 8 17 0 1 29.970 41.010 17.0 7.6 7.9 182 74 3 91 87 164 5.0 -999 -999.0 2.0 -999 -999 
250 1999 8 17 0 1 29.864 40.748 15.0 7.6 7.9 81 88 -177 351 87 -2 5.0 -999 -999.0 2.0 -999 -999 
251 1999 8 17 0 1 29.864 40.748 15.0 7.3 7.9 271 78 -168 179 78 -12 5.0 -999 -999.0 2.0 -999 -999 
252 1999 11 26 13 21 168.214 -16.423 8.0 7.2 7.3 173 17 75 9 74 94 5.0 10 -999.0 1.0 2 5 
253 1999 11 26 13 21 168.310 -16.080 15.0 7.5 7.3 174 30 67 20 62 103 5.0 10 -999.0 1.0 2 5 
254 2000 11 16 4 54 152.169 -3.980 13.0 7.6 8.2 180 14 143 306 82 79 2.0 4 -999.0 1.0 1 0 
255 2000 11 16 4 54 152.790 -4.560 24.0 8.0 8.2 328 43 3 236 88 133 2.0 4 -999.0 1.0 1 0 
256 2000 7 1 7 1 139.131 34.221 18.0 6.1 6.2 89 76 171 181 81 14 0.1 4 -999.0 -4.0 0 0 
257 2000 7 1 7 1 139.240 34.150 15.0 6.1 6.2 181 85 -2 271 88 -175 0.1 4 -999.0 -4.0 0 0 
258 2001 6 23 20 33 -73.641 -16.265 8.0 8.3 8.4 273 6 34 149 87 95 8.6 100 8.2 2.6 1 50 
259 2001 6 23 20 33 -72.710 -17.280 29.6 8.4 8.4 310 18 63 159 74 98 8.6 100 8.2 2.6 1 50 
260 2002 9 8 18 44 142.945 -3.302 21.0 7.2 7.8 334 41 90 155 49 90 4.0 4 7.3 1.0 0 0 
261 2002 9 8 18 44 143.380 -3.270 19.5 7.6 7.8 106 34 43 339 68 116 4.0 4 7.3 1.0 0 0 
262 2002 9 8 18 44 142.945 -3.302 21.0 7.5 7.8 94 40 24 345 75 128 4.0 4 7.3 1.0 0 0 
263 2002 1 2 17 22 167.856 -17.600 21.0 7.1 7.5 1 32 81 192 59 96 3.0 1 -999.0 1.0 0 0 
264 2002 1 2 17 22 167.850 -17.780 40.0 7.2 7.5 299 18 22 189 84 106 3.0 1 -999.0 1.0 0 0 
265 2002 3 5 21 16 124.249 6.033 45.0 7.2 7.2 290 34 44 161 68 116 3.0 1 -999.0 1.0 1 0 
266 2002 3 5 21 16 124.250 5.920 28.7 7.5 7.2 314 25 70 156 67 99 3.0 1 -999.0 1.0 1 0 
267 2002 3 5 21 16 124.249 6.033 45.0 7.1 7.2 288 26 46 155 72 109 3.0 1 -999.0 1.0 1 0 
268 2002 3 31 6 52 122.179 24.279 37.0 7.1 7.4 269 39 117 56 55 70 0.2 1 -999.0 -3.0 0 0 
269 2002 3 31 6 52 121.960 24.190 39.0 7.1 7.4 292 32 121 77 63 72 0.2 1 -999.0 -3.0 0 0 
270 2002 3 26 3 45 124.090 23.346 22.0 6.4 6.6 202 27 45 70 71 110 0.1 1 -999.0 -4.0 0 0 
271 2002 3 26 3 45 124.020 22.940 17.0 6.4 6.6 256 19 94 72 71 89 0.1 1 -999.0 -4.0 0 0 
272 2003 8 21 12 12 167.144 -45.104 28.0 7.1 7.5 8 27 59 222 67 105 7.0 3 -999.0 0.0 0 0 
273 2003 8 21 12 12 166.870 -45.010 31.8 7.2 7.5 35 23 95 209 67 88 7.0 3 -999.0 0.0 0 0 
274 2003 5 21 18 44 3.634 36.964 9.0 6.7 6.9 237 43 92 54 47 88 6.0 -999 -999.0 1.0 -999 -999 
275 2003 5 21 18 44 3.580 36.930 15.0 6.8 6.9 57 44 71 262 49 107 6.0 -999 -999.0 1.0 -999 -999 
276 2003 9 25 19 50 143.910 41.815 13.0 8.1 8.1 234 7 103 41 83 88 3.8 15 8.0 1.5 1 2 
277 2003 9 25 19 50 143.840 42.210 28.2 8.3 8.1 250 11 132 28 82 83 3.8 15 8.0 1.5 1 2 
278 2003 9 25 19 50 143.910 41.815 13.0 8.1 8.1 193 20 76 28 71 95 3.8 15 8.0 1.5 1 2 
279 2003 1 20 8 43 160.770 -10.491 27.0 7.2 7.8 327 43 43 202 62 124 2.0 1 -999.0 0.0 0 0 





No. Year Month Day Hour Mins Lon lat Depth Mw Ms S1 D1 R1 S2 D2 R2 Hmax No. Mt I D F 
281 2003 1 22 2 6 -104.104 18.770 9.0 7.6 7.6 263 10 46 128 83 97 1.3 3 -999.0 0.5 0 0 
282 2003 1 22 2 6 -103.900 18.860 26.0 7.5 7.6 308 12 110 108 79 86 1.3 3 -999.0 0.5 0 0 
283 2003 11 17 6 43 178.650 51.146 5.0 7.7 7.5 243 6 95 58 84 89 0.7 19 -999.0 -0.5 0 0 
284 2003 11 17 6 43 177.860 51.140 21.7 7.8 7.5 280 19 122 67 74 80 0.7 19 -999.0 -0.5 0 0 
285 2003 11 17 6 43 178.650 51.146 5.0 7.7 7.5 230 20 76 65 71 95 0.7 19 -999.0 -0.5 0 0 
286 2003 12 27 16 1 169.766 -22.015 7.0 7.2 7.0 306 10 81 136 80 92 0.2 1 -999.0 -2.0 0 0 
287 2003 12 27 16 1 169.810 -21.990 23.0 7.3 7.0 324 29 95 139 61 87 0.2 1 -999.0 -2.0 0 0 
288 2004 12 26 0 58 95.982 3.295 7.0 8.2 9.0 274 13 55 130 79 98 34.5 100 9.1 4.0 3 275,000 
289 2004 11 11 21 26 124.868 -8.152 5.0 7.4 7.5 38 13 41 268 81 100 2.0 2 -999.0 1.0 1 0 
290 2004 11 11 21 26 125.120 -7.870 17.0 7.5 7.5 67 27 72 267 65 99 2.0 2 -999.0 1.0 1 0 
291 2004 9 5 14 57 137.071 33.184 4.0 7.4 7.4 248 18 59 100 74 100 0.9 24 -999.0 0.0 0 0 
292 2004 9 5 14 57 137.220 33.130 12.0 7.4 7.4 79 46 72 283 47 107 0.9 24 -999.0 0.0 0 0 
293 2004 9 5 10 7 136.618 33.070 11.0 7.0 7.0 270 35 89 91 55 91 0.6 12 -999.0 -0.5 0 0 
294 2004 9 5 10 7 137.000 32.940 16.0 7.2 7.0 277 38 100 85 53 82 0.6 12 -999.0 -0.5 0 0 
295 2004 9 5 10 7 136.618 33.070 11.0 7.3 7.0 234 51 53 104 51 127 0.6 12 -999.0 -0.5 0 0 
296 2004 11 28 18 32 145.119 43.006 36.0 7.0 7.0 239 29 120 26 65 74 0.2 1 -999.0 -1.0 0 0 
297 2004 11 28 18 32 145.360 42.880 47.0 7.0 7.0 242 26 122 28 68 75 0.2 1 -999.0 -1.0 0 0 
298 2004 11 28 18 32 145.119 43.006 36.0 7.4 7.0 244 21 117 35 71 80 0.2 1 -999.0 -1.0 0 0 
299 2005 3 28 16 10 97.070 1.670 25.8 8.6 8.4 333 8 118 125 83 86 2.0 10 8.5 1.5 1 10 
300 2006 11 15 11 15 154.330 45.710 13.5 8.3 8.3 215 15 92 33 75 89 12.0 91 8.2 3.0 1  
301 2006 7 17 8 19 107.410 -9.250 34.0 7.7 7.7 290 10 102 98 80 88 10.0 20    700 
302 2007 9 12 11 10 101.367 -4.438 24.4 8.5 8.5 328 9 114 123 82 86 0.9      
 
Definition for parameters used:  
Lat: Latitude 
Lon: Longitude 
Mw =moment magnitude 
Ms = surface wave magnitude 
S1/D1/R1: strike/dip/rake 
m: Tsunami magnitude (Iida, 1967), )(log max2 Hm = ; where maxH  is maximum tsunami wave height at coast (in meters) 
I: Tsunami intensity on Soloviev scale, )(log5.0 .2 avgHI +=  
  where Havg. is average wave height along the nearest coast in meters (Soloviev 1970) 
Mt: Abe tsunami magitude, 8.5)log()log( max ++= rHMt , 




Table A2. Global Tsunamigenic Earthquakes (1970 to 2007, M≥7) 
No. Year Mo Day Hr Mn Sec Lat Long Dep Ms Mw Mt I m Hmax N D F Source Region 
1 1971 7 14 6 11 30.4 -5.52 153.91 43 7.8 8.0 8.0 1.0 -1 3.00 20 M 2 New Ireland,Bis.Sea.New Guinea 
2 1971 7 26 1 23 22.1 -4.89 153.18 37 7.7 8.1 8.1 1.5 2 3.40 22 M   New Ireland,Bis.Sea.New Guinea 
3 1971 8 2 7 24 58.3 41.38 143.46 52 7.1 7.1 7.1 -1.5 -1 0.20 4 N   Off Urakawa,Hokkaido. Japan 
4 1971 12 15 8 29 56.4 56.02 163.17 26 7.8 7.8 7.8 -0.5 -1 0.47 15 N   Kamchatka.USSR 
5 1972 2 29 9 23 1.5 33.38 140.89 58 7.4 7.4 7.4 -0.5 -1 0.40 8 N   Chichi Jima-Hachijoshima,Japan 
6 1972 12 4 10 16 13.9 33.33 140.71 71 7.5 7.5 7.6 -1.0 -1 0.50 8 N   Chichi Jima-Hachijoshima,Japan 
7 1973 1 30 21 1 12.5 18.48 -102.00 43 7.5 7.6 8.0 -3.0   0.10 9 N 56 S.Mexico:FARIAS,TECOMAN 
8 1973 6 17 3 55 2.9 43.23 145.79 48 7.7 7.8 8.0 1.0 1.5 4.50 40 M   Kuril.USSR-SE.Nemuro-Oki,Japan 
9 1973 6 24 2 43 25.5 43.32 146.44 50 7.1 7.3 7.6 -0.5 0 0.63 19 N   Kuril-SE.Nemuro,Hokkaido,Japan 
10 1974 10 3 14 21 29,1 -12.27 -77.79 13 7.6 7.9 8.1 1.0 1 1.80 15 S 78 PERU; CALLAO 
11 1975 6 10 13 47 14.5 43.02 147.73 15 7.0 7.8 7.9 2.0 1 5,5 49 M   Kuril Is.USSR-E.Hokkaido.Japan 
12 1976 1 21 10 5 24.1 44.92 149.12 41 7.0 7.0 7.1 -2.5 -1 0.37 5 N   South Kurils 
13 1978 3 23 3 15 20.3 44.93 148.44 33 7.5 7.6 7.5 -2.0 -1 0.30 15 N   Iturup Is., S.Kuriles, USSR 
14 1978 3 24 19 47 50.7 44.24 148.86 33 7.6 7.5 7.7 0.0 -1 0.65 18 N   Iturup,S.Kuril Islands.USSR 
15 1978 6 12 8 14 26.4 38.19 142.03 44 7.7 7.5 7.4 0.5 -1 1.20 21 S 28 Miyagi-Oki,Sanriku. Japan 
16 1983 5 26 2 59 59.6 40.46 139.09 23 7.8 7.7 8.1 2.3 2.5 14,5 64 L 104 Nihonkai-Chubu,NW.Honshu,Japan 
17 1984 3 24 9 44 2.6 44.12 148.19 44 7.0 7.1 7.1 -2.0 -1 0.10 1 N   South Kurils 
18 1991 12 22 8 43 13.4 45.53 151.02 24 7.4 7.6 7.5 0.5   0.52 4 N 0 Kurile Islands 
19 1992 9 2 0 16 1.7 11.74 -87.34 44 7.4 7.6 8.0 2.8 3 9.10 7 M 170 Nicaragua 
20 1993 6 8 13 3 36.5 51.22 157.83 70 7.2 7.5 7.5 -0.5   0.50 5 N 0 East of Kamchatka 
21 1993 7 12 13 17 11.9 42.84 139.25 33 7.6 7.7 8.1 3.1 4.9 31.70 147   230 Okushiri Is., Japan Sea 
22 1993 8 8 8 34 24.9 12.98 144.80 59 8.2 7.7 7.7 -1.0 1.7 2.00 14 S   Guam, Mariana Islands 
23 1994 10 4 13 22 55.8 43.77 147.32 14 8.1 8.3 8.2 2.6 3.4 10.40 58 L 0 Shikotan Is., South Kuriles 
24 1994 10 9 7 55 39.6 43.90 147.92 33 7.0 7.3 6.9 -2.5   0.15 1 N 0 Shikotan Is., South Kuriles 
25 1994 12 28 12 19 23 40.53 143.42 26 7.5 7.8 7.7 0.0   1.00 8 S 2 Sanriku, Hokkaido, Japan 
26 1995 7 30 5 11 23.6 -23.34 -70.29 45 7.8 8.0 8.2 1.5   2.80 71 M 3 Antofagasta, Northern Chile 
27 1995 12 3 18 1 9 44.66 149.30 33 7.9 7.9 7.6 0.5   0.50 11 N 0 Iturup Is., South Kuriles 
28 1996 2 17 5 59 30.6 -0.89 136.95 33 8.1 8.2 8.0 1.8   7.68 162 M 108 Irian Jaya, Indonesia 
29 1996 2 21 12 51 1.3 -9.59 -79.59 10 7.5 7.5 7.8 1.9   5.04 49 M 2 Peru 
30 1996 11 12 16 59 44 -14.99 -75.68 33 7.3 7.7 7.9 -1.0   0.35 1 N 0 Northern Peru 
31 1997 12 5 11 26 54.7 54.84 162.04 33 7.7 7.8 7.7 0.5   1.50 13 S 0 Kronotskiy Cape, Kamchatka 
32 1998 7 17 8 49 13.3 -2.96 141.93 10 7.1 7.1 7.5 3.2   15.03 70 M 3000 Aitape, N. coast of New Guinea 
33 2001 6 23 20 33 14.1 -16.26 -73.64 33 8.4 8.4 8.2 2.6 3.1 8.60 100 S 50 Camana, Southern Peru 
34 2002 9 8 18 44 23.7 -3.30 142.95 13 7.8 7.6 7.3 1.0   4.00 4 N 0 Kairiru Island, PNG 
35 2003 9 25 19 50 6.2 41.79 143.90 27 8.1 8.3 8.0 1.5 1.9 3.80 15 S 2 East of Hokkaido 
36 2004 12 26 0 58 50 3.30 95.78 10 9.3 9.3 9.1 4.5 5.8 34.50 599   275,000 North-West Sumatra, Indonesia 
37 2005 3 28 16 9 36 2.06 97.01 30 8.7 8.6 8.5 1.5 2 2.00 10 L   Indonesia, NW Sumatra 
38 2006 7 17 8 19   -9.25 107.41 34   7.7       10.00      700 Java 
39 2006 11 15 11 14 16 46.69 153.22 28 8.1 8.3 8.2 3.0 3.5 12.00 91   0 Central Kuriles, Russia 




Appendix B:  MATLAB program for 
computing initial tsunami wave height 
profile using Elastic Dislocation Theory  
 
B.1. 2D edge dislocation theory (modified Du, et al 1994 and Mura 1968) 
%Edge dislocation theory (based on Du, et. al 1994 and Mura 1968) 
%Displacements at the free surface due to an edge dislocation in an 
%isotropic, homogenous, and linear elastic half-plane. 
% Here it is assumed that the fault rupture to the surface of the ground.  
  
%Computation of Initial tsunami wave height profile (seafloor surface 
%displacement)from fault parameters (fault width, dip angle, slip 
%File: EdgeDislocationTheory.m 
%-------------------------------------------------------- 
function [ux,uz,exx] = EdgeDislocationTheory(x_obs,W,dip,U) 
  
%This program is Edge Dislocation Theory based on Linear Elastic Theory 
%first proposed by Du (1994) and Mura (1968) 
  
% Programmeb by Karma Kuenza, April 21,2008 





W= 400; % km, fault width 
dip= 13; % degrees and 0<dip<90 is thrust fault, 90<dip<180 is normal faul 
U=30/1000; %km, dislocation 
%------------------------------------------------------------- 
%CALCULATIONS  
dip = dip*pi/180;%radians 
Wy = W*sin(dip);%focal depth 
Wx = W*cos(dip); 
s_v = U*sin(dip);%vertical slip 
s_h = U*cos(dip);%horizontal slip 
one = ones(size(x_obs)) ; 
zeta = (x_obs - Wx*one) /Wy;%zeta is along fault surface 












ux = -( s_h*(pi*sign(x_obs)/2 - atan(zeta)) - (s_v*one - s_h*zeta)./denom)/pi; 
ux=ux*1000;%in meters 
  
% horizontal strain normalized by d/s 















B.2. 2D edge dislocation theory (Mansinha and Symle, 1971) 
 




%Author: Karma Kuenza, NUS 
%Date: April 20, 2008 
%-------------------------------------------------------------------- 
function [u, v, w] =EdgeDispFiniteWidth(D,W,U1,theta,X2,X3) 
  
%To find displacements at point x for a dip-slip  
%(rake=90 deg) fault of infinite length and a finite  
%width (W) for a half space. 
%Fault length or strike direction is into the page 
%--------------------------------------------------------------------- 
%%INPUT PARAMETERS: 
% D≠ 0 means fault does not rupture to ground surface 
D=0 ;% depth to the updip end of the fault, km  
%So if D=0, then rupture extends to the surface 
W=400;% width of fault, km 
U1=30/1000; %assigned dislocation or slip, km 
theta=13;%dip angle in degrees 
%[W+D/sin(theta)]cos(theta)=focal depth or depth to the downdip end of 
%fault 
%-------------------------------------------------------------------- 
%x1,x2,x3: coordinates of the calculated or field points.  
theta=theta*pi/180; % in radians 
X2=-500:500;% km 
X3=zeros(size(X2));%show results at surface 
%-------------------------------------------------------------------- 
%OUTPUT PARAMETERS 
%u,v,w: displacements in X1,X2,and X3, respectively 
%w=vertical displacement 
%Computes displacements at 'x' caused by the edge dislocation 
%specified in 'm': 
%     m(1) = Horizontal position of updip end 
%     m(2) = Depth of updip end (MUST be negative) 
%     m(3) = Dip angle (degrees) measured positve down from x1 axis; 
%     m(4) = Slip  
% 
%  Observation coordinates, 'x1', and 'x2' can be a matrix; 
%  'nu' is Poisson's ratio, which if omitted defaults to 0.25. 
%  Output is two matricies 'u1' and 'u2' same size as x1 and x2 
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%  in same Units as the dislocation 
%--------------------------------------------------------------------- 
%Transform to the coordinate system of the original code (Figure 2.4) 
x1 = X2;%x1 is perpendicular to fault 
x2 = -X3;% x2 is vertical and up 
m(2) = -D; % depth of updip end in km 
m(3) = theta*180/pi%dip angle in deg 
m(1) = D/tan(theta);% 
m(4) = -U1;%slip or dislocation 
nu = 0.25;%poisson's ratio 
  
%Check for omitted Poisson's ratio    
if nargin < 3      nu=0.25;   end 
%--------------------------------------------------------------------- 
%Part I  
% Components of slip vector 
    b1=m(4)*cos(m(3)*pi/180);%vertical slip component   
    b2=m(4)*sin(m(3)*pi/180);%horizontal slip component 
  
% Some parameters used in calculating displacements    
    C=1/(pi*(1-nu));    
    r1=sqrt((x2-m(2)).^2+(x1-m(1)).^2);    
    r2=sqrt((x2+m(2)).^2+(x1-m(1)).^2);    
    dx1=x1-m(1);    
    dx2=x2-m(2);    
    dx2a=x2+m(2);  
  
% Define branch cuts 
    % rotated coordinates at source 
    x1p = cos(m(3)*pi/180)*dx1 - sin(m(3)*pi/180)*dx2; 
    x2p = cos(m(3)*pi/180)*dx2 + sin(m(3)*pi/180)*dx1; 
  
    % rotated coordinates at image 
    x1pi = cos(m(3)*pi/180)*dx1 - sin(m(3)*pi/180)*dx2a; 
    x2pi = cos(m(3)*pi/180)*dx2a + sin(m(3)*pi/180)*dx1; 
  
    theta1=atan2(x2p,-x1p);    
    theta2=-atan2(x2pi,x1pi);  
  
u1_PartI =  b1*C*( (1-nu)/2*(theta2-theta1) + dx1.*dx2./(4*r1.^2) - ...   
       dx1.*( x2+(3-4*nu)*m(2) )./(4*r2.^2) + ...   
       (x2.*m(2).*dx1.*dx2a)./r2.^4 ) + ...   
      b2*C*( (1-2*nu)/4*(log(r2) - log(r1)) - dx2.^2./(4*r1.^2) + ...   
      (x2.^2 + 4*(nu-1)*x2*m(2) + (4*nu-3)*m(2)^2 )./(4*r2.^2) + ...     




u2_PartI = b2*C*( (1-nu)/2*(theta1-theta2) + dx1.*dx2./(4*r1.^2) - ...       
       dx1.*( x2+(3-4*nu)*m(2))./(4*r2.^2) -... 
       dx1.*x2*m(2).*dx2a./r2.^4 ) + ...   
     b1*C*( (1-2*nu)/4*(log(r2) - log(r1)) +  dx2.^2./(4*r1.^2) - ...   
        (dx2a.^2 - 2*m(2)^2 - 2*(1-2*nu)*m(2)*dx2a)./(4*r2.^2) + ...   
        (x2*m(2).*dx2a.^2)./r2.^4 ); 
 %-------------------------------------------------------------------- 
%Part II  
m(2) = -(W + D/sin(theta))*sin(theta); %depth to downdip of fault 
m(1) = -m(2)/tan(theta); 
m(4) = U1; 
% Components of slip vector 
    b1=m(4)*cos(m(3)*pi/180);   
    b2=m(4)*sin(m(3)*pi/180);  
  
% Some parameters used in calculating displacements    
    C=1/(pi*(1-nu));    
    r1=sqrt((x2-m(2)).^2+(x1-m(1)).^2);    
    r2=sqrt((x2+m(2)).^2+(x1-m(1)).^2);    
    dx1=x1-m(1);    
    dx2=x2-m(2);    
    dx2a=x2+m(2);  
  
% Define branch cuts 
    % rotated coordinates at source 
    x1p = cos(m(3)*pi/180)*dx1 - sin(m(3)*pi/180)*dx2; 
    x2p = cos(m(3)*pi/180)*dx2 + sin(m(3)*pi/180)*dx1; 
  
    % rotated coordinates at image 
    x1pi = cos(m(3)*pi/180)*dx1 - sin(m(3)*pi/180)*dx2a; 
    x2pi = cos(m(3)*pi/180)*dx2a + sin(m(3)*pi/180)*dx1; 
  
    theta1=atan2(x2p,-x1p);    
    theta2=-atan2(x2pi,x1pi);  
  
  
u1_PartII =  b1*C*( (1-nu)/2*(theta2-theta1) + dx1.*dx2./(4*r1.^2) - ...   
       dx1.*( x2+(3-4*nu)*m(2) )./(4*r2.^2) + ...   
       (x2.*m(2).*dx1.*dx2a)./r2.^4 ) + ...   
      b2*C*( (1-2*nu)/4*(log(r2) - log(r1)) - dx2.^2./(4*r1.^2) + ...   
      (x2.^2 + 4*(nu-1)*x2*m(2) + (4*nu-3)*m(2)^2 )./(4*r2.^2) + ...     
      (x2*m(2).*dx2a.^2)./r2.^4 ); 
  
u2_PartII = b2*C*( (1-nu)/2*(theta1-theta2) + dx1.*dx2./(4*r1.^2) - ...      
       dx1.*( x2+(3-4*nu)*m(2))./(4*r2.^2) -... 
       dx1.*x2*m(2).*dx2a./r2.^4 ) + ...   
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     b1*C*( (1-2*nu)/4*(log(r2) - log(r1)) +  dx2.^2./(4*r1.^2) - ...   
        (dx2a.^2 - 2*m(2)^2 - 2*(1-2*nu)*m(2)*dx2a)./(4*r2.^2) + ...   
        (x2*m(2).*dx2a.^2)./r2.^4 ); 
%--------------------------------------------------------------------- 
% Result of displacement for a finite width 
  
 v = u1_PartI +u1_PartII %horizontal displacement (in X2 direction) 
 v=v*1000;% m 
  
 w =-(u2_PartI +u2_PartII); %vertical displacement in km 
 w=w*1000;% m 
 u = 0;%displacemnt in X1 or strike direction is zero sincle fault  
 %length is infinity 
 %--------------------------------------------------------------------- 
 %Plotting results 
plot(x1,w) 
xlabel('Distance, km') 











3.  3D elastic dislocation theory (Okada solution, 1985)  
 
% Matlab program for Okada Source Model 






delta =13*pi/180; %1. dip angle  (radians) 
theta =90.0*pi/180;    %2. slip angle (radians)  
phi = 0*pi/180;    %3. angle between the slip vector U and the fault plane 
(radians). This   %for opening  dislocation. In most cases assume 
phi=0 
d = 25.;             %4. focal depth to lower dip of fault(km)  
l = 158;             %5. fault length (km) 
w = 45;              %6. fault width (km) 
nu = 0.23;      %7. Poisson ratio 
E = 9.5e9;      %8. Young's modulus 
U = 3.17/1000;    %9. Burger's vector modulus or slip vector also for  
%real modeling we need 
%10. epicenter location (lat and lon) 
%11. azimuth  
  
lambda = nu*E/((1+nu)*(1-2*nu));    % Lame's constant 
mu = E/(2*(1+nu));                  % Lame's constant 
  
U1=U*cos(phi)*cos(theta)%strike slip component, km 
U2=U*cos(phi)*sin(theta)%dip slip component, km 
U3=U*sin(phi)           %tensile component, km 
  
%i. Strike slip 
%phi=0, theta=0, U=(U1,0,0); 
  
  
%ii. Dip slip 
%phi=0, theta=90, U=(0,U2,0), 
  
%iii. Tensile fault 
%phi=90, U=(0,0,U3) 
  
%vertical displacement matrix  
%------------------------------------------------------ 
%Setting up the computation domain 
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Ax = -400; Bx = 400; dx = 1; hx2 = 0.5*dx; 
Ay = -400; By =400; dy = 1; hy2 = 0.5*dy; 
  
xrange = Ax:dx:Bx; M = length(xrange); 
yrange = Ay:dy:By; N = length(yrange); 
  
[X Y] = meshgrid (xrange, yrange); 
%------------------------------------------------------- 
%Computation 
P1 = Y*cos(delta) + d*sin(delta); 
  
%vertical displacement  
W = -1*(U1*... 
    (u1 (X,P1,Y,d,delta,lambda,mu) +... 
    u1 (X-l,P1-w,Y,d,delta,lambda,mu) -... 
    u1 (X,P1-w,Y,d,delta,lambda,mu) -... 
    u1 (X-l,P1,Y,d,delta,lambda,mu)) +... 
    U2*... 
    (u2 (X,P1,Y,d,delta,lambda,mu) +... 
    u2 (X-l,P1-w,Y,d,delta,lambda,mu) -... 
    u2 (X,P1-w,Y,d,delta,lambda,mu) -... 
    u2 (X-l,P1,Y,d,delta,lambda,mu)) -... 
    U3*... 
    (u3 (X,P1,Y,d,delta,lambda,mu) +... 
    u3 (X-l,P1-w,Y,d,delta,lambda,mu) -... 
    u3 (X,P1-w,Y,d,delta,lambda,mu) -... 
    u3 (X-l,P1,Y,d,delta,lambda,mu)))/(2*pi); 
W=W*1000; % meters 
  
surf (X,Y,W/(U*1000)), grid on, hold on; 
shading interp 
xlabel ('X (km)'); 
ylabel ('Y (km)') 
zlabel ('Normalized wave height'); 
view ([55 40]); 
%-------------------------------------------------------- 
%Setting up the functions 
function uz = u1 (xi, eta, y, d, delta, lambda, mu) 
    q = y*sin(delta) - d*cos(delta); 
    eta = eta + eps;%eps is a very small no. in matlab 
    R = sqrt (xi.^2 + eta.^2 + q.^2); 
    dbar = eta*sin(delta) - q*cos(delta); 
    if abs(pi/2-delta) > 0.1 
        I4 = mu/((lambda+mu)*cos(delta))*(log(R+dbar) -... 
        sin(delta)*log(R+eta)); 
    else 
Appendix B 
 340
        I4 = -mu/(lambda+mu)*q./(R+dbar); 
    end 
    uz = dbar.*q./(R.*(R+eta)) + q*sin(delta)./(R+eta) +... 
        I4*sin(delta); 
     
function uz = u2 (xi, eta, y, d, delta, lambda, mu) 
    q = y*sin(delta) - d*cos(delta); 
    X = sqrt (xi.^2 + q.^2); 
    R = sqrt (X.^2 + eta.^2); 
    dbar = eta*sin(delta) - q*cos(delta); 
    I5 = 2*mu/((lambda+mu)*cos(delta))*... 
        atan ((eta.*(X+q*cos(delta))+... 
        X.*(R+X)*sin(delta))./(xi.*(R+X)*cos(delta))); 
    uz = dbar.*q./(R.*(R+xi)) +... 
        sin(delta)*atan(xi.*eta./(q.*R)) -... 
        I5*sin(delta)*cos(delta); 
     
function uz = u3 (xi, eta, y, d, delta, lambda, mu) 
    q = y*sin(delta) - d*cos(delta); 
    X = sqrt (xi.^2 + q.^2); 
    R = sqrt (X.^2 + eta.^2); 
    ybar = eta*cos(delta) + q*sin(delta); 
    I5 = 2*mu/((lambda+mu)*cos(delta))*... 
        atan ((eta.*(X+q*cos(delta))+... 
        X.*(R+X)*sin(delta))./(xi.*(R+X)*cos(delta))); 
    uz = ybar.*q./(R.*(R+xi)) +...  
        cos(delta)*(xi.*q./(R.*(R+eta))-atan(xi.*eta./(q.*R))) -... 




























Figure B1. Initial tsunami wave height profile for M9.0 earthquakes with width W=400km, dip 





















Figure B2. Initial tsunami wave height profile (Mansinha and Symle, 1971) 

































































D=depth to up-dip of fault 
U=dislocation in the dip direction 
W=width of the fault 
θ=dip angle (0<θ<90 reverse fault, 9<θ<180 normal fault 









Appendix C: Global Seismic Network (GSN) stations  
 
Table C1. Global Seismic Network (GSN) 
 
No. Longitude Latitude Network Station Elevation VNET Start VNET end Station Site 
1 158.96 -54.50 AU MCQ 14 1/11/2005 0:00 12/31/2599 23:59 Macquarie Island 
2 -120.39 38.03 BK CMB 719 6/25/1992 0:00 12/31/2599 23:59 Columbia College, California, USA 
3 25.60 -25.02 GT LBTB 1128 2/26/1993 0:00 12/31/2599 23:59 Lobatse, Botswana, Africa 
4 161.85 -77.52 GT VNDA 151 12/28/1993 0:00 12/31/2599 23:59 Wright Valley (Bull Pass) Antarctica 
5 -141.99 27.88 H2 H2O -4947 10/5/1999 0:00 12/31/2599 23:59 Hawaii-2 Observatory 
6 116.17 40.02 IC BJT 197 11/29/1992 0:00 12/31/2599 23:59 Baijiatuan, Beijing, China 
7 109.49 30.27 IC ENH 487 11/29/1992 0:00 12/31/2599 23:59 Enshi, Hubei Province, China 
8 119.74 49.27 IC HIA 610 11/29/1992 0:00 12/31/2599 23:59 Hailar, Neimenggu Province, China 
9 102.74 25.12 IC KMI 1975 11/29/1992 0:00 12/31/2599 23:59 Kunming, Yunnan Province, China 
10 91.15 29.70 IC LSA 3789 11/29/1992 0:00 12/31/2599 23:59 Tibet, China 
11 129.59 44.62 IC MDJ 250 11/29/1992 0:00 12/31/2599 23:59 Mudanjiang, Heilongjiang Province, China 
12 109.84 19.03 IC QIZ 230 11/29/1992 0:00 12/31/2599 23:59 Qiongzhong, Guangduong Province, China 
13 121.19 31.10 IC SSE 15 11/29/1992 0:00 12/31/2599 23:59 Shanghai, China 
14 87.69 43.82 IC WMQ 903 11/29/1992 0:00 12/31/2599 23:59 Urumqi, Xinjiang Province, China 
15 108.92 34.03 IC XAN 630 11/29/1992 0:00 12/31/2599 23:59 Xi'an, China 
16 74.49 42.64 II AAK 1645 1/1/1988 0:00 12/31/2599 23:59 Ala Archa, Kyrgyzstan 
17 58.12 37.93 II ABKT 678 1/1/1988 0:00 12/31/2599 23:59 Alibek, Turkmenistan 
18 -62.35 82.50 II ALE 60 1/1/1988 0:00 12/31/2599 23:59 Alert, N.W.T., Canada 
19 58.56 56.43 II ARU 250 1/1/1988 0:00 12/31/2599 23:59 Arti, Russia 
20 -14.36 -7.93 II ASCN 173 1/1/1988 0:00 12/31/2599 23:59 Butt Crater, Ascension Island 
21 8.33 48.33 II BFO 589 1/1/1988 0:00 12/31/2599 23:59 Black Forest Observatory, Schiltach, Germany 
22 -21.33 64.75 II BORG 110 1/1/1988 0:00 12/31/2599 23:59 Borgarfjordur, Asbjarnarstadir, Iceland 
23 70.28 53.06 II BRVK 330 1/1/1988 0:00 12/31/2599 23:59 Borovoye, Kazakhstan 
24 -25.52 37.76 II CMLA 429 1/1/1988 0:00 12/31/2599 23:59 Cha de Macela, Sao Miguel Island, Azores 
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25 96.83 -12.19 II COCO 1 1/1/1988 0:00 12/31/2599 23:59 West Island, Cocos (Keeling) Islands 
26 72.45 -7.41 II DGAR 1 1/1/1988 0:00 12/31/2599 23:59 Diego Garcia, Chagos Islands, Indian Ocean 
27 -58.06 -51.68 II EFI 110 1/1/1988 0:00 12/31/2599 23:59 Mount Kent, East Falkland Island 
28 143.16 42.02 II ERM 40 1/1/1988 0:00 12/31/2599 23:59 Erimo, Hokkaido Island, Japan 
29 -3.21 55.32 II ESK 242 1/1/1988 0:00 12/31/2599 23:59 Eskdalemuir, Scotland, UK 
30 -101.98 54.73 II FFC 338 1/1/1988 0:00 12/31/2599 23:59 Flin Flon, Canada 
31 70.32 39.00 II GAR 1300 1/1/1988 0:00 12/31/2599 23:59 Garm, Tajikistan 
32 -36.49 -54.28 II HOPE 20 1/1/1988 0:00 12/31/2599 23:59 Hope Point, South Georgia Island 
33 -84.95 10.29 II JTS 340 1/1/1988 0:00 12/31/2599 23:59 Las Juntas de Abangares, Costa Rica 
34 119.75 -5.01 II KAPI 30 1/1/1988 0:00 12/31/2599 23:59 Kappang, Sulawesi, Indonesia 
35 -152.58 57.78 II KDAK 152 1/1/1988 0:00 12/31/2599 23:59 Kodiak Island, Alaska, USA 
36 42.69 43.96 II KIV 1054 1/1/1988 0:00 12/31/2599 23:59 Kislovodsk, Russia 
37 42.69 43.96 II KIV 1210 1/1/1988 0:00 12/31/2599 23:59 Kislovodsk, Russia 
38 78.62 50.72 II KURK 184 1/1/1988 0:00 12/31/2599 23:59 Kurchatov, Kazakhstan 
39 167.61 8.80 II KWAJ 0 1/1/1988 0:00 12/31/2599 23:59 Kwajalein Atoll, Pacific Ocean 
40 34.65 67.90 II LVZ 630 1/1/1988 0:00 12/31/2599 23:59 Lovozero, Russia 
41 30.74 -0.60 II MBAR 1390 1/1/1988 0:00 12/31/2599 23:59 Mbarara, Uganda 
42 55.48 -4.67 II MSEY 475 1/1/1988 0:00 12/31/2599 23:59 Mahe, Seychelles 
43 178.05 -17.73 II MSVF 783 1/1/1988 0:00 12/31/2599 23:59 Monasavu, Fiji 
44 73.27 33.65 II NIL 629 1/1/1988 0:00 12/31/2599 23:59 Nilore, Pakistan 
45 -76.84 -11.99 II NNA 575 1/1/1988 0:00 12/31/2599 23:59 Nana, Peru 
46 88.44 69.50 II NRIL 92 1/1/1988 0:00 12/31/2599 23:59 Norilsk, Russia 
47 83.23 54.84 II NVS 150 1/1/1988 0:00 12/31/2599 23:59 Novosibirsk, Russia 
48 36.57 55.11 II OBN 160 1/1/1988 0:00 12/31/2599 23:59 Obninsk, Russia 
49 80.70 7.27 II PALK 460 1/1/1988 0:00 12/31/2599 23:59 Pallekele, Sri Lanka 
50 -116.46 33.61 II PFO 1280 1/1/1988 0:00 12/31/2599 23:59 Pinon Flat, California, USA 
51 -116.46 33.61 II PFO 1280 1/1/1988 0:00 12/31/2599 23:59 Pinon Flat, California, USA 
52 45.50 23.52 II RAYN 631 1/1/1988 0:00 12/31/2599 23:59 Ar Rayn, Saudi Arabia 
53 -109.33 -27.13 II RPN 110 1/1/1988 0:00 12/31/2599 23:59 Rapanui, Easter Island, Chile 
54 -23.61 14.97 II SACV 387 1/1/1988 0:00 12/31/2599 23:59 Santiago Island, Cape Verde 
55 -5.75 -15.96 II SHEL 537 1/1/1988 0:00 12/31/2599 23:59 Horse Pasture, St. Helena Island 
56 20.81 -32.38 II SUR 1770 1/1/1988 0:00 12/31/2599 23:59 Sutherland, South Africa 
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57 147.32 -42.91 II TAU 132 1/1/1988 0:00 12/31/2599 23:59 Hobart, Tasmania, Australia 
58 103.64 51.68 II TLY 579 1/1/1988 0:00 12/31/2599 23:59 Talaya, Russia 
59 134.36 -19.93 II WRAB 366 1/1/1988 0:00 12/31/2599 23:59 Tennant Creek, NT, Australia 
60 -116.45 33.61 II XPF 1280 1/1/1988 0:00 12/31/2599 23:59 Pinon Flat, California, USA 
61 173.16 52.88 IM ATTU 250 9/10/2003 0:00 12/31/2599 23:59 Attu Island, AK, USA 
62 -146.89 64.77 IM IL01 418 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
63 -146.86 64.78 IM IL02 261 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
64 -146.85 64.77 IM IL03 440 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
65 -146.88 64.76 IM IL04 528 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
66 -146.92 64.77 IM IL05 389 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
67 -146.90 64.78 IM IL06 262 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
68 -146.84 64.80 IM IL07 401 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
69 -146.80 64.79 IM IL08 505 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
70 -146.78 64.77 IM IL09 494 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
71 -146.84 64.75 IM IL10 586 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
72 -146.90 64.74 IM IL11 444 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
73 -146.94 64.74 IM IL12 366 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
74 -146.99 64.75 IM IL13 367 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
75 -146.98 64.78 IM IL14 223 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
76 -146.94 64.78 IM IL15 336 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
77 -146.92 64.79 IM IL16 382 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
78 -146.89 64.81 IM IL17 357 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
79 -146.78 64.76 IM IL18 554 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
80 -146.80 64.75 IM IL19 549 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
81 -146.89 64.77 IM IL31 419 9/10/2003 0:00 12/31/2599 23:59 ILAR Array, Eilson, AK, USA 
82 -118.30 38.43 IM NV01 2040 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
83 -118.31 38.44 IM NV02 2097 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
84 -118.29 38.43 IM NV03 2006 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
85 -118.31 38.42 IM NV04 1998 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
86 -118.29 38.45 IM NV05 2198 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
87 -118.27 38.42 IM NV06 1951 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
88 -118.29 38.41 IM NV07 1554 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
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89 -118.32 38.40 IM NV08 1804 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
90 -118.34 38.44 IM NV09 1914 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
91 -118.32 38.45 IM NV10 2213 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
92 -118.15 38.43 IM NV11 1585 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
93 -118.15 38.43 IM NV31 1585 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
94 -118.30 38.33 IM NV32 1829 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
95 -118.42 38.48 IM NV33 1920 8/13/2003 0:00 12/31/2599 23:59 NVAR Array, Mina, NV, USA 
96 -109.58 42.78 IM PD01 2199 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
97 -109.57 42.78 IM PD02 2218 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
98 -109.55 42.78 IM PD03 2293 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
99 -109.57 42.77 IM PD04 2184 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
100 -109.57 42.77 IM PD05 2184 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
101 -109.56 42.77 IM PD06 2224 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
102 -109.54 42.77 IM PD07 2331 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
103 -109.58 42.76 IM PD08 2190 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
104 -109.57 42.76 IM PD09 2208 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
105 -109.56 42.76 IM PD10 2216 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
106 -109.58 42.75 IM PD11 2182 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
107 -109.56 42.76 IM PD12 2186 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
108 -109.55 42.76 IM PD13 2337 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
109 -109.56 42.77 IM PD31 2219 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
110 -109.56 42.77 IM PD32 2219 9/10/2003 0:00 12/31/2599 23:59 PDAR Array, Pinedale, WY, USA 
111 -103.67 29.33 IM TX01 1013 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
112 -103.66 29.33 IM TX02 952 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
113 -103.67 29.33 IM TX03 990 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
114 -103.67 29.34 IM TX04 1013 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
115 -103.68 29.32 IM TX06 1007 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
116 -103.69 29.34 IM TX07 1038 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
117 -103.68 29.35 IM TX08 1015 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
118 -103.66 29.34 IM TX09 1001 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
119 -103.70 29.33 IM TX10 1033 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
120 -103.67 29.33 IM TX11 1025 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
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121 -103.67 29.33 IM TX31 1025 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
122 -103.67 29.33 IM TX32 1013 9/10/2003 0:00 12/31/2599 23:59 TXAR Array, Lajitas, TX, USA 
123 38.77 9.03 IU AAE 2442 1/1/1988 0:00 12/31/2599 23:59 Addis Ababa, Ethiopia 
124 -176.68 51.88 IU ADK 116 1/1/1988 0:00 12/31/2599 23:59 Adak, Aleutian Islands, Alaska 
125 -171.78 -13.91 IU AFI 706 1/1/1988 0:00 12/31/2599 23:59 Afiamalu, Samoa 
126 -106.46 34.95 IU ANMO 1840 1/1/1988 0:00 12/31/2599 23:59 Albuquerque, New Mexico, USA 
127 -106.46 34.95 IU ANMO 1839 1/1/1988 0:00 12/31/2599 23:59 Albuquerque, New Mexico, USA 
128 32.79 39.87 IU ANTO 883 1/1/1988 0:00 12/31/2599 23:59 Ankara, Turkey 
129 -64.70 32.37 IU BBSR 6 1/1/1988 0:00 12/31/2599 23:59 Bermuda Biological Station, St George's Bermuda 
130 166.45 68.07 IU BILL 299 1/1/1988 0:00 12/31/2599 23:59 Bilibino, Russia 
131 -74.04 4.59 IU BOCO 3160 1/1/1988 0:00 12/31/2599 23:59 Bogota, Colombia 
132 110.54 -66.28 IU CASY 159 1/1/1988 0:00 12/31/2599 23:59 Casey, Antarctica 
133 -91.24 38.06 IU CCM 222 1/1/1988 0:00 12/31/2599 23:59 Cathedral Cave, Missouri, USA 
134 98.98 18.79 IU CHTO 316 1/1/1988 0:00 12/31/2599 23:59 Chiang Mai, Thailand 
135 -147.79 64.90 IU COL 320 1/1/1988 0:00 12/31/2599 23:59 College Outpost, Alaska, USA 
136 -147.85 64.87 IU COLA 194 1/1/1988 0:00 12/31/2599 23:59 College Outpost, Alaska, USA 
137 -123.30 44.59 IU COR 121 1/1/1988 0:00 12/31/2599 23:59 Corvallis, Oregon, USA 
138 146.25 -20.09 IU CTAO 357 1/1/1988 0:00 12/31/2599 23:59 Charters Towers, Australia 
139 125.58 7.07 IU DAV 145 1/1/1988 0:00 12/31/2599 23:59 Davao, Philippines 
140 -81.43 28.11 IU DWPF 20 1/1/1988 0:00 12/31/2599 23:59 Disney Wilderness Preserve, Florida, USA 
141 179.20 8.53 IU FUNA 0 1/1/1988 0:00 12/31/2599 23:59 Funafuti, Tuvalu 
142 38.69 8.90 IU FURI 2545 1/1/1988 0:00 12/31/2599 23:59 Mt. Furi, Ethiopia 
143 44.74 40.15 IU GNI 1609 1/1/1988 0:00 12/31/2599 23:59 Garni, Armenia 
144 11.22 49.69 IU GRFO 425 1/1/1988 0:00 12/31/2599 23:59 Grafenberg, Germany 
145 144.87 13.59 IU GUMO 164 1/1/1988 0:00 12/31/2599 23:59 Guam, Mariana Islands 
146 -95.84 29.96 IU HKT -413 1/1/1988 0:00 12/31/2599 23:59 Hockley, Texas 
147 159.95 -9.43 IU HNR 72 1/1/1988 0:00 12/31/2599 23:59 Honiara, Solomon Islands 
148 -71.56 42.51 IU HRV 180 1/1/1988 0:00 12/31/2599 23:59 Harvard, Massachusetts, USA 
149 126.63 37.48 IU INCN 420 1/1/1988 0:00 12/31/2599 23:59 Inchon, Republic of Korea 
150 -169.53 16.73 IU JOHN 2 1/1/1988 0:00 12/31/2599 23:59 Johnston Island, USA 
151 11.94 78.93 IU KBS 77 1/1/1988 0:00 12/31/2599 23:59 Ny-Alesund, Spitzbergen, Norway 
152 27.01 69.76 IU KEV 80 1/1/1988 0:00 12/31/2599 23:59 Kevo, Finland 
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153 29.21 50.69 IU KIEV 163 1/1/1988 0:00 12/31/2599 23:59 Kiev, Ukraine 
154 -158.01 21.42 IU KIP 70 1/1/1988 0:00 12/31/2599 23:59 Kipapa, Hawaii, USA 
155 37.25 -1.13 IU KMBO 1960 1/1/1988 0:00 12/31/2599 23:59 Kilima Mbogo, Kenya 
156 9.60 59.65 IU KONO 216 1/1/1988 0:00 12/31/2599 23:59 Kongsberg, Norway 
157 -4.01 14.50 IU KOWA 321 1/1/1988 0:00 12/31/2599 23:59 Kowa, Mali 
158 -70.70 -29.01 IU LCO 2299 1/1/1988 0:00 12/31/2599 23:59 Las Campanas Astronomical Observatory, Chile 
159 28.19 -15.28 IU LSZ 1184 1/1/1988 0:00 12/31/2599 23:59 Lusaka, Zambia 
160 -68.91 -22.61 IU LVC 2967 1/1/1988 0:00 12/31/2599 23:59 Limon Verde, Chile 
161 150.77 59.58 IU MA2 339 1/1/1988 0:00 12/31/2599 23:59 Magadan, Russia 
162 138.21 36.54 IU MAJO 405 1/1/1988 0:00 12/31/2599 23:59 Matsushiro, Japan 
163 81.98 46.81 IU MAKZ 600 1/1/1988 0:00 12/31/2599 23:59 Makanchi, Kazakhstan 
164 119.73 -21.16 IU MBWA 194 1/1/1988 0:00 12/31/2599 23:59 Marble Bar, Western Australia 
165 -177.37 28.22 IU MIDW 18 1/1/1988 0:00 12/31/2599 23:59 Midway Island, USA 
166 13.61 -1.66 IU MSKU 312 1/1/1988 0:00 12/31/2599 23:59 Masuku, Gabon 
167 36.80 -1.27 IU NAI 1692 1/1/1988 0:00 12/31/2599 23:59 Nairobi, Kenya 
168 117.23 -32.93 IU NWAO 265 1/1/1988 0:00 12/31/2599 23:59 Narrogin, Australia 
169 -78.45 0.24 IU OTAV 3507 1/1/1988 0:00 12/31/2599 23:59 Otavalu, Ecuador 
170 -4.35 39.55 IU PAB 925 1/1/1988 0:00 12/31/2599 23:59 San Pablo, Spain 
171 -90.29 -0.67 IU PAYG 295 1/1/1988 0:00 12/31/2599 23:59 Puerto Ayora, Galapagos Islands 
172 158.65 53.02 IU PET 150 1/1/1988 0:00 12/31/2599 23:59 Petropavlovsk, Russia 
173 147.15 -9.41 IU PMG 67 1/1/1988 0:00 12/31/2599 23:59 Port Moresby, New Guinea 
174 -64.05 -64.77 IU PMSA 10 1/1/1988 0:00 12/31/2599 23:59 Palmer Station, Antarctica 
175 -155.53 19.76 IU POHA 1967 1/1/1988 0:00 12/31/2599 23:59 Pohakuloa, Hawaii, USA 
176 -130.10 -25.07 IU PTCN 227 1/1/1988 0:00 12/31/2599 23:59 Pitcairn Island, South Pacific 
177 -59.97 -0.73 IU PTGA 237 1/1/1988 0:00 12/31/2599 23:59 Pitinga, Brazil 
178 145.00 -89.93 IU QSPA 2860 1/1/1988 0:00 12/31/2599 23:59 South Pole, Earth Science Observatory (Quiet Zone) 
179 -122.89 46.04 IU RAIO 1 1/1/1988 0:00 12/31/2599 23:59 Rainier, Oregon, USA 
180 -122.89 46.04 IU RAIO 11 1/1/1988 0:00 12/31/2599 23:59 Rainier, Oregon, USA 
181 -177.92 -29.25 IU RAO 110 1/1/1988 0:00 12/31/2599 23:59 Raoul, Kermadec Islands 
182 -159.77 -21.21 IU RAR 28 1/1/1988 0:00 12/31/2599 23:59 Rarotonga, Cook Islands 
183 -35.90 -5.83 IU RCBR 409 1/1/1988 0:00 12/31/2599 23:59 Riachuelo, Brazil 
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184 -104.04 44.12 IU RSSD 2060 1/1/1988 0:00 12/31/2599 23:59 Black Hills, South Dakota, USA 
185 -63.18 -8.95 IU SAML 130 1/1/1988 0:00 12/31/2599 23:59 Samuel, Brazil 
186 166.76 -77.85 IU SBA 20 1/1/1988 0:00 12/31/2599 23:59 Scott Base, Antarctica 
187 -70.63 8.88 IU SDV 1618 1/1/1988 0:00 12/31/2599 23:59 Santo Domingo, Venezuela 
188 126.97 37.57 IU SEO 86 1/1/1988 0:00 12/31/2599 23:59 Seoul, South Korea 
189 -50.62 67.00 IU SFJ 328 1/1/1988 0:00 12/31/2599 23:59 Sondre Stromfjord, Greenland 
190 -50.62 67.00 IU SFJ 365 1/1/1988 0:00 12/31/2599 23:59 Sondre Stromfjord, Greenland 
191 -50.62 67.00 IU SFJD 328 1/1/1988 0:00 12/31/2599 23:59 Sondre Stromfjord, Greenland 
192 -66.15 18.11 IU SJG 457 1/1/1988 0:00 12/31/2599 23:59 San Juan, Puerto Rico 
193 174.70 -41.31 IU SNZO 62 1/1/1988 0:00 12/31/2599 23:59 South Karori, New Zealand 
194 0.00 -90.00 IU SPA 2927 1/1/1988 0:00 12/31/2599 23:59 South Pole, Antarctica 
195 115.00 -90.00 IU SPA 2927 1/1/1988 0:00 12/31/2599 23:59 South Pole, Antarctica 
196 -77.89 40.64 IU SSPA 352 1/1/1988 0:00 12/31/2599 23:59 Standing Stone, Pennsylvania 
197 121.50 24.97 IU TATO 157 1/1/1988 0:00 12/31/2599 23:59 Taipei, Taiwan 
198 -17.91 28.68 IU TBT 180 1/1/1988 0:00 12/31/2599 23:59 Taburiente, Canary Islands, Spain 
199 -88.28 20.23 IU TEIG 69 1/1/1988 0:00 12/31/2599 23:59 Tepich, Yucatan, Mexico 
200 128.87 71.65 IU TIXI 50 1/1/1988 0:00 12/31/2599 23:59 Tiksi, Russia 
201 -4.05 39.88 IU TOL 480 1/1/1988 0:00 12/31/2599 23:59 Toledo, Spain 
202 -12.32 -37.07 IU TRIS 57 1/1/1988 0:00 12/31/2599 23:59 Tristan da Cunha 
203 -61.98 -38.06 IU TRQA 602 1/1/1988 0:00 12/31/2599 23:59 Tornquist, Argentina 
204 17.58 -19.20 IU TSUM 1240 1/1/1988 0:00 12/31/2599 23:59 Tsumeb, Namibia 
205 -110.78 32.31 IU TUC 874 1/1/1988 0:00 12/31/2599 23:59 Tucson, Arizona 
206 107.05 47.87 IU ULN 1615 1/1/1988 0:00 12/31/2599 23:59 Ulaanbaatar, Mongolia 
207 166.65 19.28 IU WAKE 1 1/1/1988 0:00 12/31/2599 23:59 Wake Island 
208 -86.29 38.23 IU WCI 638 1/1/1988 0:00 12/31/2599 23:59 Wyandotte Cave, Indiana, USA 
209 -87.83 36.13 IU WVT 157 1/1/1988 0:00 12/31/2599 23:59 Waverly, Tennessee, USA 
210 -157.45 2.04 IU XMAS 2 1/1/1988 0:00 12/31/2599 23:59 Kiritimati Island, Republic of Kiribati 
211 129.68 62.03 IU YAK 105 1/1/1988 0:00 12/31/2599 23:59 Yakutsk, Russia 
212 142.76 46.96 IU YSS 100 1/1/1988 0:00 12/31/2599 23:59 Yuzhno Sakhalinsk, Russia 
213 103.77 1.36 MS BTDF 64 8/1/1996 0:00 12/31/2599 23:59 Bukit Timah Dairy Farm, Singapore 




Appendix D:  MATLAB program for 
computing Empirical Mode Decomposition 
(EMD) of seismic signals 
 
 
% EMD:  Empirical mode decomposition  
%This program is to find the Intrinsic Mode Functions with EMD  
%for the given input signal x(t). 
%Programmed by Karma Kuenza, NUS, July 6, 2007 
%--------------------------------------------------------------- 
% x   - input signal as column vector; 
% This program calculates all the imfs. 
% imf = emd(x) 
% imf: Matrix of intrinsic mode functions (each row represents a IMF 
and 
% the last is the residual function.  
 
%---------------------------------------------------------------- 
function imf = emd(x); 
  
c = x(:)'; % copy of the input signal (as a row vector) 
N = length(x); 
  
%--------------------------------------------------------------- 
% loop to decompose the input signal into successive IMF 
  
imf = []; % Matrix which will contain the successive IMF, and the 
residue 
  
while (1) % the stop criterion is tested at the end of the loop 
    
   %----------------------------------------------------------- 
   % inner loop to find each imf 
    
   h = c; % at the beginning of the sifting process, h is the signal 
   SD = 1; % Standard deviation which will be used to stop the 
sifting process 
    
   while SD > 0.3 
      % while the standard deviation is higher than 0.3 (typical 
value) 
      % find local max/min points 
      d = diff(h); % approximate derivative 
      maxmin = [];  
      % to store the optima (min and max without distinction so far) 
      for i=1:N-2 
         if d(i)==0                        % we are on a zero 
            maxmin = [maxmin, i];  
         elseif sign(d(i))~=sign(d(i+1))   % we are straddling a 
zero so 




         end 
      end 
       
      if size(maxmin,2) < 2 % then it is the residue 
         break 
      end 
       
      % divide maxmin into maxes and mins 
      if maxmin(1)>maxmin(2)              % first one is a max not a 
min 
         maxes = maxmin(1:2:length(maxmin)); 
         mins  = maxmin(2:2:length(maxmin)); 
      else                                % is the other way around 
         maxes = maxmin(2:2:length(maxmin)); 
         mins  = maxmin(1:2:length(maxmin)); 
      end 
       
      % make endpoints both maximums and minimums 
      maxes = [1 maxes N]; 
      mins  = [1 mins  N]; 
       
       
      %------------------------------------------------------------- 
      % spline interpolate to get max and min envelopes; form imf 
      maxenv = spline(maxes,h(maxes),1:N); 
      minenv = spline(mins, h(mins),1:N); 
       
      m = (maxenv + minenv)/2; % mean of max and min enveloppes 
      prevh = h; % copy of the previous value of h before modifying 
it 
      h = h - m; % substract mean to h 
       
      % calculate standard deviation 
      eps = 0.0000001; % to avoid zero values 
      SD = sum ( ((prevh - h).^2) ./ (prevh.^2 + eps) ); 
       
   end 
    
   imf = [imf; h]; % store the extracted IMF in the matrix imf 
   % if size(maxmin,2)<2, then h is the residue function 
   
   % stop criterion of the algorithm. 
   if size(maxmin,2) < 2 
      break 
   end 
    
   c = c - h; % substract the extracted IMF from the signal 







Appendix E: Definition of magnitudes and 
empirical relations in earthquake  
E.1. Magnitude scales  
 Magnitude, a logarithmic measure of the size of an earthquake, is related 
to the energy radiated as seismic waves at the focus of an earthquake. An increase 
of magnitude by 1 represents 10 times increase in displacement amplitude and 32 
time increase in energy of the earthquake. Many factors influence earthquake 
magnitude, including epicenter distance, focal depth, frequency content of the 
sampled energy, and earthquake radiation pattern.  
 Body and surface waves are used for computation of magnitude. Body 
waves are the Primary (P) and Shear (S) waves and these have periods of around 
0.01 to 50 s. Surface waves such as the Love (L) and Rayleigh waves (R) waves 
have periods of around 10 to 350 s. Other free oscillations have longer periods 
from 350 to 3600 s. The different ways of calculating magnitude scales are 
presented. 
E.1.1. Local Magnitude (ML) 
 This is obtained from the measurement of the peak displacement 
amplitude of ground particle motion (A) from a Wood-Anderson seismometer and 
the epicenter distance (r). ML is computed for 60010 ≤≤ r km with focal depth, 
d<70 km. This magnitude is computed from S wave or surface wave at about 
T=0.8 s. Note that Richter scale has period measurement between 0.1 and 1.0 s. 
Richter (1935) definition of local magnitude is:  
 )log()log( max oL AAM −=       (E.1) 
Appendix E 
 353
where maxA  is the Wood Anderson (short period seismometer, free period=0.8s, 
magnification=2800, damping=0.8 at an epicenter distance of 100 km) maximum 
horizontal amplitude of the current earthquake and oA  is the maximum amplitude 
for the reference earthquake. The reference earthquake is of magnitude 3 which in 
California, where the scale was set up, takes the maximum amplitude of 1 mm at 
distance r of 100 km. The equation used by Richter in Southern California, is 
  48.2)log(76.2)log( max −+= rAML +C   (E.2) 
where maxA  is maximum amplitude (mm), )(8 ps ttr −×≈  is source-station 
distance (km) and C is a correction term taking into account the deviation of the 
scale at the station of the network. ML is inappropriate for deep events (because 
deep earthquakes do not emit much surface waves) and large distance events. It 
saturates for large earthquakes.  
E.1.2. Surface-wave, Ms (Gutenberg and Richter 1936) 
 This is computed for earthquakes with oo r 16020 <<  and depth d≤ 50 
km, using Rayleigh wave period at 20 s period (0.05 Hz).  
  3.3)log(66.1)log( max ++= rT
AMs     (E.3) 
 where 22 EN AAA +=  is horizontal amplitude (microns) at T of about 20 s and r 
is source-station distance (degrees). The displacement time history record of 
surface wave is band-pass filtered between 18 and 22 s and the peak amplitude is 
found out. Then the corresponding frequency is determined from the Fourier 
transform. Ms is more reliable than Mb for shallow focus earthquake. This formula 
is used in International Association of Seismology and Physics of the Earth 
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Interior (LASPEI) and NEIC. NEIC used vertical component instead of the 
horizontal component. Events with Ms>7 will have corner period at T>20 s. Thus, 
Ms will underestimate size of larger events and saturate around Ms=8.2.  
E.1.3. Body-wave ( bM ) from Gutenberg and Richter (1956) 
 This is computed from P-wave at periods between 0.3 and 3.0 s, and 
distance r≥ 5o as:  
  ),()log( drQ
T
AMb +=       (E.4) 
where A is amplitude (microns) within first 10-15 seconds of P-wave, T is period 
(usually about 1s) where that A occurs, Q is a function of r  and focal depth, d 
(km). Q can be read from Richter Q Chart. The displacement time history record 
of P wave is band-pass filtered between 0.3 and 3.0 s and the highest amplitude is 
picked and corresponding frequency can be determined from Fourier transform. 
Mb becomes fully saturated at 6.2. 
E.1.4. JMA (Japan Meteorological Agency) Magnitude, JMAM  
 This is based on records from 5-s instruments (Tsuboi, 1954).  
  83.0)log(73.1)log(
22 −++= rAAM ENs    (E.5) 
where r is epicenter distance (km) and A is horizontal displacement (μm).  
E.1.5. Energy Magnitude ( )eM from Choy and Boatwright (1995) 
  This is computed from high frequency (f>2 Hz) seismic radiation 
energy (ER) as: 
  9.2log)3/2( −= Re EM      (E.6) 
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where RE  is in Nm. Me is a measure of the seismic shaking potential for damage. 
Only 10-20% of the total energy is radiated as ER. Since eM  is derived from RE  
(which in turn is obtained from high frequency velocity seismogram), it is more 
suitable for estimating damage potential of  earthquake than Mw which is 
computed from low frequency seismogram.   
E.1.6. Moment Magnitude (Mw) from Hanks and Kanamori formula (1979) 
 This magnitude is based on theory, where magnitude is directly 
proportional to total energy released by an earthquake at the source. The scale is 
based on narrow bandpass observed amplitude. This is computed from body wave 
and mantle wave through moment tensor inversion method. It is related to the 
seismic moment Mo, which is related to fault parameters as: Δ= SMo μ , where S 
is fault area,  Δ is average slip over that fault area and μ is the shear modulus of 
the rocks at the hypocenter. 
  Mw= 3
2 log (Mo)-10.73, Mo is in dyne cm or    (E.7) 
  07.6)log(
3
2 −= ow MM , Mo is in Nm 
Estimation of Mw requires broadband data and good azimuth distribution. 
Inversions are typically between 10 and 200 s bandwidths. For large earthquakes, 
finite rectangular sources can be used (default assumes point source). While all 
magnitude scales exhibit a saturation level when the ruptured fault dimension 
exceeds the wavelength of the seismic waves that are used in measuring the 
magnitude, the wM  does not saturate. 
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E.2. Empirical relationships in earthquakes 
 Various empirical relations between earthquake magnitude and source 
rupture dimensions can be found for predicting ground motions or tsunami of a 
future earthquake. Unknown parameters can be determined from the known ones 
using the empirical relationships. In the case of tsunami modeling, the most 
important parameters are seismic moment Mo, fault length L and width W, 
average slipΔ , the static stress-drop ,σΔ  etc. There are other useful properties 
such as the area of the largest asperity (i.e. part of the fault that is locked), 
hypocenter distance to the closest asperity, and hypocenter distance to the largest 
asperity or slip (and rupture) duration. The main problem of the scaling relations 
is that they are derived from generally small group of earthquakes and from 
quantities determined quite inaccurately. It results in a big variance of any studied 
quantity. Nevertheless, they are very helpful for quick estimation understanding 
and running of the numerical models. Some of the empirical relations are given. 
E.2.1 Ward (1980, 2005) 
 ,8.15.0)log( −= wML (L in km)      
 L5102 −×=Δ , Pa9^1040×=μ ;  
L
MoW Δ= μ  





E.2.2 Wells and Coppersmith (1994) 
 )06.007.4(log)03.098.0( ±+±= SM w  
 )27.022.3()04.069.0(log ±−±= wML
 )57.080.4()08.069.0(log ±−±=Δ wM  
 These relations were derived from a very comprehensive data base of 
source parameters for historical shallow-focus earthquakes (d<40 km) in 
continental interplate or intraplate environments. Best established are the 
relationships between moment magnitude Mw and surface rupture S (in km2), 
surface rupture length L (in km) and subsurface rupture length l (km). They have 
the strongest correlations (r = 0.89 to 0.95) and the least data scatter. Surface 
rupture length is only about 75% of the subsurface rupture length. The 
correlations between Mw and average dislocation Δ as well as Δ  and L are 
somewhat smaller (r = 0.71 to 0.78). Wells and Coppersmith (1994) reasoned that 
the weaker correlation may reflect the wide range of displacement values for a 
given rupture length (differences up to a factor 50 in their data set). These authors 
also give relations between L and the maximum surface displacement Δmax which 
is, on the average, twice the observed average surface displacement Δ while the 
average subsurface slip ranges between the maximum and average surface 
displacement. 
E.2.3 Chen and Chen (1989)  
 Lr ×= 35.0τ , where τr is total rupture duration in seconds and L (in km) 
 Slip velocity vs = (2.87 to 11.43) m/s.  
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 From teleseismic studies we can obtain only spatially and temporally 
averaged slip but the actual co-seismic slip is largely controlled by spatial 
heterogeneities along the fault rupture. Large slip velocities (>10 m/s) suggest 
very high local stress drop of more than 10 MPa (Yomogida et al., 1994). There 
exist also scaling relations between fault length and recurrence interval which are 
of particular relevance for seismic hazard assessment (e.g. Marrett, 1994). 
E.2.4 Somerville et al. (1999) 
 Some of the scaling laws presented by Somerville et al. (1999) are given 
below (A in km2, slip Δ in cm and slip duration in second and Mo in dyne-cm). 
 3/2151023.2 MoA ××= − ; 3/171056.1 Mo××=Δ −  
 3/191003.2 MoR ××= −τ ; Area of Fault Covered by Asperities:  22% 
E.2.5 Mai and Beroza (2000) 
 Basic laws given by Mai and Beroza, 2000 (L and W are in km, Δ  is in 
cm and Mo in Nm): 
(a) Strike-slip events 
 log L = 0.36 log Mo – 5.15; logW = 0.09 log Mo – 0.54 
 log Δ= 0.55 log Mo – 8.68 
(b) Dip-slip events 
 log L = 0.38 log Mo – 5.71; logW = 0.33 log Mo – 4.93  
 logΔ= 0.29 log Mo – 3.88 
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Appendix F: Artificial Neural Network  
F.1. Artificial Neural Network  
 The goal of the Artificial Neural Network (ANN) is to create a model that 
correctly maps the input to the output so that the model can then be used to 
produce the output when the desired output is unknown. An ANN is a massively 
parallel distributed processor that has a natural propensity for storing 
experimental knowledge and making it available for use (Haykin, 1994). It 
resembles the human brain in the following two ways: 
1. A neural network acquires knowledge through learning. 
2. A neural network's knowledge is stored within inter-neuron connection 
strengths known as synaptic weights. 
ANN is known to have the ability to represent both linear and non-linear 
relationships (between input and output) and to learn these relationships directly 
from the data being modeled. The application of ANN in simulation and 
forecasting problems can be found in various disciplines. In oceanography, their 
application started in the late 1990s (Vaziri, 1997; Tsai et al., 1999; Lee et al., 
2002; Supharatid, 2003). ANNs can be grouped into two learning algorithms, the 
supervised and the unsupervised ANNs.  
• In supervised learning, the correct results (target values or desired 
outputs) are known. These values are given to the ANN during training 
so that the ANN can adjust its weights to try matching its outputs to 
the target values. After training, the ANN is validated with unseen data 
set, by giving it only input values, not target values. 
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• In unsupervised learning, the ANN is not provided with the correct 
results during training. Unsupervised ANNs usually perform some 
kind of data compression, such as dimensionality reduction or 
clustering. 
 In this study the multilayer perceptron Backpropagation Network 
(Rumelhart et al., 1986) is used. The Perceptron is a binary classifier that maps its 
input x (a real-valued vector) to an output value o(x) (a single binary value) across 










xwxwxww nno >++++  
The Backpropagation Network (BPN) structure consists of three layers of neurons 
(i.e. input layer, hidden layers and output layer) as shown in Fig. F1. The 
overview of the BPN training process is shown in Fig. F2. The backpropagation 
network (BPN) uses supervised learning in which the network is trained with a set 
of vector pairs (called exemplars). Each pair (x, y) consists of an input vector x 
and a corresponding output vector y.  Whenever the network receives input x, we 
would like it to provide output y. The exemplars thus describe the function that 
we want to “teach” our network. Besides learning the exemplars, we would like 
our network to generalize, that is, give reasonable output for inputs that the 
network had not been trained with. 
 Before the learning process starts, all weights (synapses) in the network 
are initialized with pseudorandom numbers. We also have to provide a set of 
training patterns (exemplars). They can be described as a set of ordered vector 
pairs {(x1, y1), (x2, y2), …, (xp, yp)}. The BNP algorithm is shown in Fig. F3 while 
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its architecture is shown in Fig. F4. Then we can start the backpropagation 
learning algorithm. In the BPN, learning is performed as follows: 
1. Initialize the weights of the perceptron randomly with number between 
-0.1 and 0.1.  
 mjlirandomwij ≤≤≤≤−= 1,0])1.0,1.0([  
 nkmjrandomvij ≤≤≤≤−= 1,0])1.0,1.0([  
2. Present the pattern lli xxxxp ℜ∈= ),...,,,( 21 to the perceptron, p∈P (to 
compute the outputs of all neurons in the network until you get the 
network output).  


























5. Compute the errors ,1, nkok ≤≤∂ in the network output layer using 
 ,1),1()( nkoooto kkkkk ≤≤−−=δ where tk is target output while ok 
is  network output.  









7. Adjust the weights between the network output layer and the hidden 







jk ≤≤≤≤⋅⋅+= 1,0,)()( δη  
8. Adjust the weights between the hidden layer and the input layer 





ij ≤≤≤≤⋅⋅+= 1,0,)()( δη  
9. Repeat step 2 through 8 for each of the training set until a tolerable 
error level is reached. Error (E) is defined as sum of the errors over all 












  where tkp and okp are the target values and network output values  
  associated with the kth output unit and training example p. 
  
 The Backpropagation algorithm learns the weights for a multilayer 
network, given a network with a fixed set of units and interconnections. It 
employs gradient descent to attempt to minimize the squared error between the 
network output values and the target values for those outputs.   
 If we choose the type and number of neurons in our network 
appropriately, after training the network should show the following behavior: 
• If we input any of the training vectors, the network should yield the 
expected output vector (with some margin of error).  
• If we input a vector that the network has never  “seen” before, it 
should be able to generalize and  yield a reasonable output vector 






























Figure F3. Backpropagation (BP) algorithm. x and o denote the values of the input and output 



























Figure F4. Architecture of Backpropagation. The variables x , h and o denote values of input, 
hidden and output nodes, respectively. E denotes the error between the target values (t ) and the 







Appendix G: Preparation of Synthetic Data 
for Moment Tensor Inversion  
 
 The orientation parameters for the seismic station and earthquake used in 
the moment tensor inversion are shown in Fig. G1. The synthetic seismograms are 
computed for three fundamental faults as shown in Fig. G2. Corresponding to 
these three faults, nine Green’s function computed as function of the source-
station distance, focal depth and velocity model. The source is assumed as a point 
with instantaneous rupture during the earthquake. The synthetic seismograms for 
the three fundamental faults for any (φ, δ, λ) are given as (Wang et al., 1980):   
 )],(),(),([),( trcutrbutrauMotru VSSVDSVDDV ++=  
 )],(),(),([),( trcutrbutrauMotru RSSRDSRDDR ++=  
 )],('),('[),( trubtruaMotru TSSTDST +=  
where Vu , Ru  and Tu  are vertical, radial and tangential displacements and are 
under cylindrical coordinates with r the radius, φ the strike and δ the dip angle. 
The constants are defined as follows:  
 δλ 2cossin=a  
 φδλφδλ sin2cossincoscoscos +−=b  
 φδλφδλ 2sinsincos2cos2sinsin5.0 +=c  
 φδλφδλ sincoscoscos2cossin' +=a  
 φδλφδλ 2sin2sinsin5.02cossincos' −=b  
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Eight Greens’ functions (uVDD, uRDS, uVDS, uRDS, uTDS, uVSS, uRSS and uTDS) are 
shown in Fig. G3. Having obtained the Green’s functions we shall choose (φ,δ,λ) 
in such a way that uT(r,t), uR(r,t) and uV(r,t) match with the shape of the 
corresponding observed ground motions and absolute amplitude is matched with 














Figure G1. Orientation parameters for the earthquake fault and the stations used in 











Figure G2. Three fundamental faults and the point where 3 reference synthetic seismograms are 
generated. uVDD, uRDS, uVDS, uRDS, uTDS, uVSS, uRSS and uTDS are the Green’s functions 
corresponding to the three fundamental faults computed as a function of source-station distance, 
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Figure G3. Green’s functions corresponding to three-component records for Bengkulu earthquake 
(Mw 8.4) at station QIZ. A focal depth of 30 km and band-pass filter between 150 and 200 s were 
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